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Preface 


Cancer is a heritable disorder of somatic cells and gene expression disease. 
Environment and heredity both operate in the origin of human cancer. Recently 
the responsible genes of familial kidney cancer syndromes were cloned and 
identified: von Hippel-Lindau disease (VHL gene on human 3p25, autosomal 
dominant); papillary renal cell carcinoma (MET proto-oncogene on human 
7q31, autosomal dominant); tuberous sclerosis (TSC1 and TSC2 genes on 
human 9q34 and 16p13.3, respectively; autosomal dominant), and Wilms’ 
tumor (WTI gene on human 11p13, autosomal dominant). 

Hereditary kidney cancer should prove valuable in understanding the 
mechanisms of disease and the development of therapeutic treatments. 

This book brings together some of the most recent advances made in 
kidney cancers. Leading investigators present recent results including VHL, 
MET, TSC1 and TSC2, WT1 genes, as well as environmentally induced kidney 
cancers (long-term hemodialysis and chemically induced renal cell carcinomas) 
and therapeutic treatments (surgery and gene therapy), providing an excellent 
survey of this field. 
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Germline and Somatic Mutations in 
von Hippel-Lindau Disease Gene and Its 
Significance in the Development of 
Kidney Cancer 


Taro Shuin*, Keiichi Kondo”, Shingo Ashida*, Heiwa Okuda’, 
Minoru Yoshida”, Hiroshi Kanno‘, Masahiro Yao” 


è Department of Urology, Kochi Medical School, Kochi, and Departments of 
? Urology and ° Neurosurgery, Yokohama City University School of Medicine, 
Yokohama City, Japan 


Introduction 


The von Hippel-Lindau (VHL) disease gene is a putative tumor-sup- 
pressor gene responsible for VHL disease, an autosomal dominantly inherited 
multitumor syndrome. The VHL-associated tumors and cysts include retinal 
angioma (RA), central nervous system (CNS) hemangioblastomas (HBs), renal 
cell carcinoma (RCC), pheochromocytoma (pheo), neuroendocrine tumors in 
the pancreas, and cysts in the kidney, pancreas, inner ear, epididymis and 
female reproductive organs. Clear cell RCC is a major risk of death in VHL 
disease [1]. The average age at the development of the kidney cancer in the 
VHL patients is 39. 

The gene responsible for VHL disease was isolated by positional cloning 
at 3p25-26 by Latif et al. [2] in 1993. The isolated cDNA encodes 639 nucleo- 
tides (213 amino acids) in 3 exons as the coding region (fig. 1). The open 
reading frame has 2 start sites. The encoded proteins from the first or second 
start site are 24 and 19kD, respectively. The 24-kD protein that actually 
migrates 30 kD in SDS gel is localized mainly in the cytosol and to a lesser 
degree in the nucleus. The 19-kD protein is equally distributed in the cytosol 
and nucleus [3—6]. It has specific acidic pentamer repeats at the top of exon 
1 that has 48% homology with trypanozoma brucei (fig. 1). 
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Fig. 1. Three exons of the VHL gene and the binding regions of VHL-binding proteins. 


Table 1. Classification of VHL disease 


Type RA HB RCC PHEO 


VHL type 1 + + + - 
VHL type 2A + + — + 
VHL type 2B + + + + 


RA =Retinal angioma; HB=central nervous system hemangioblastoma; 
RCC =renal cell carcinoma; PHEO = pheochrocytoma. 


Loss of function in the VHL protein (pVHL) is also responsible for the 
development of sporadic types of VHL-associated tumors, such as sporadic 
clear cell RCC, RA, CNS HBs, and a minority of pheos and gliomas [7-11]. 

VHL diseases without pheos and those with pheos are classified as type 
1 or type 2, respectively. Type-2 VHL disease is subdivided into 2A and 2B 
without or with RCC (table 1). The molecular genetic characterization of the 
germline and sporadic types of VHL-associated tumors was a major step 
towards understanding the molecular pathogenesis of VHL disease and RCC. 

The detection of mutations in the VHL gene promotes accurate presymp- 
tomatic diagnosis within VHL kindreds. Genetic testing encourages early 
detection of presymptomatic carrier germline mutation. It also avoids unneces- 
sary medical examination for noncarriers of the germline mutation. 

Previous studies revealed several binding proteins for pVHL and its associ- 
ated functions. These are Elongin B, C and Cul2, VBP1, SP1, some species 
of protein kinase C (PKC), and fibronectin [12-16]. pVHL complexes with 
Elongin B, C and Cul2. Cul2 has homology to yeast CDCS53 [13]. The complex 
of pVHL, Elongin B, C and Cul2 decreases the half life of hypoxia-inducible 
mRNAs, such as vascular endothelial growth factor, glucose transporter 1, 
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Fig. 2. Germline missense or nonsense mutation plotted on the 3 exons of VHL gene. 
Black arrows denote missense mutations with base transversion. Gray arrows denotes mis- 
sense mutations with base transition. Black arrowheads denote missense mutations of base 
transversion. Gray arrowheads denote missense mutations with base transition. 


and platelet-derived growth factor ß chain [17]. pVHL also binds fibronectin 
at its top and end [18]. It is supposed to help to make proper conformation 
of fibronectin in the Golgi apparatus. pVHL works for the cellular export and 
appropriate distribution of fibronectin in the extracellular matrix. 

Most of the tumors in VHL disease and its sporadic type tumors have 
similar pathological characteristics. RA, CNS HB, and clear cell RCC have 
an abundant vascular structure and clear cytoplasm that are explained by the 
loss of Elongin complex formation with mutated pVHL. Only pheos that are 
observed in VHL type-2 disease, do not have such a pathological appearance. 
This suggests that mutated pVHL in VHL type 2 has other unknown biological 
functions. 

Here we plotted published germline and somatic mutations on 3 exons 
of the VHL gene [7, 19-28] (fig. 2-5). In so doing we have been able to describe 
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some characteristic features in the germline mutation and those in the somatic 
mutation of the VHL gene in sporadic RCCs. Japanese results are compared 
with those of Western countries in both germline and somatic missense muta- 
tions to examine racial differences. 


Characteristics of the Germline Mutations of the VHL Gene 


Germline mutations include missense or nonsense mutations, deletions, 
insertions, hypermethylations or rearrangements in a larger scale of DNA 
detected by Southern blot or pulse field gel electrophoresis, or fluorescent 
in situ hybridization. Technical progress has increased the detection rate of 
mutations up to 100% [29]. According to the previous publications for germline 
and somatic mutations of the VHL gene together with our unpublished results, 
we plotted missense or nonsense mutations, deletions and insertions on the 3 
exons of the VHL gene [7, 19-28] (fig. 2, 3). The incidences of some types of 
mutation in VHL disease are critically different from those in sporadic RCCs 
that have been well examined for VHL gene mutations. Missense mutations 
in VHL disease are more frequent than in sporadic RCC. In Japan and both 
the US and Europe, it is 66%. Missense mutations clustered in 4 regions of 
the VHL gene in Japan and the US and Europe together. They are located 
the second half of exon 1, the boundary of exons | and 2, the middle portion 
of exon 2, and the top portion of exon 3 which corresponds to the Elongin 
B-C binding domain (fig. 2). Mutations are not detected in the acidic pentamer 
repeats in exon 1. Mutations in the boundary of exons 1 and 2 and the middle 
portion of exon 2 are not as frequent in Japan as in the US and Europe. The 
biological consequence of mutations around the top portion of exon 3 is 
considered as the loss of binding of Elongin B, C, Cul2 to pVHL and increased 
stability of hypoxia-inducible mRNAs. The mutations clustered in the bound- 
ary of exons | and 2 might correspond to the PKC-binding domain. The 
biological consequences of this mutation could be loss of binding of PKC 
from VHL and a subsequent gain in function of PKC. Mutations at Tyr98His 
(VHL type 2A) or Tyr112His (VHL type 2A) are close to this region. Type-2A 
VHL diseases are observed in the Black Forest in Germany and Pennsylvania in 
the US, and often develop HB, RA and pheos [23]. However, they have a low 
risk of RCC development in the kidney. At present, there is no clear biological 
meaning for the cluster of the missense mutations in the second half of exon 1 
(fig. 1, Region 1). Some of this region corresponds to the p18 and p34 binding 
domain [30]. A deletion or insertion mutation is detected in less than 22% of 
germline cases. There is no characteristic feature in the sites of nonsense 
mutation, insertion or deletion in germline cases both in Japan and the US 
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Fig. 3. Germline deletions or insertions plotted on the VHL gene. 


and Europe together, except one accumulation deletions in the second half of 
exon 1. They probably result in the loss of function of pVHL (fig. 3). 

When base changes in the germline missense mutation in Japan is compared 
with those in the US and Europe, the incidence of base transition is more frequent 
in Japan than in the US and Europe, especially in the mutations around the 
Elongin B-C binding domain (fig. 2, Region 4, 13/14 versus 20/36). This suggests 
that a different genetic mechanism for germline mutation is present in Japan. 


Characteristics of the Somatic Mutation of the VHL Gene in 
Sporadic Clear Cell RCCs 


Somatic mutations in the VHL gene are detected only in clear cell RCCs. 
No other pathological type of RCC exhibits the VHL gene mutation. A somatic 
mutation in the VHL gene in clear cell RCC is characterized by the high 
incidence of deletion or insertion mutations. It results in the truncation of 
pVHL. It also causes a shorter half-life of pVHL (unpubl. data). Thus, even 
if some function remains in the truncated protein, it hardly works. One hundred 
and two somatic mutations in Japan consisted of 49 deletions (including 1 
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Fig. 4. Somatic missense or nonsense mutations of RCCs plotted on the VHL gene. 
Black arrows denotes missense mutations of base transversion. Gray arrows denote missense 
mutations with base transition. Black arrowheads denote missense mutations of base transver- 
sion. Gray arrowheads denote missense mutations with base transition. 


splice-site mutation), 18 insertions, 7 nonsense and 28 missense mutations. 
Thus, 75% of the mutations (deletion, insertion, nonsense, and splice-site 
mutations) result in truncation of the VHL protein [31]. Those in the US and 
Europe have similar features. The function of pVHL will be lost in most 
tumors. Mutations of the VHL gene are observed in 53% of sporadic clear 
cell RCCs, close to 20% of cases showing hypermethylation in the CpG island 
of the promoter region in the VHL gene in the literature [32]. Therefore, less 
than 30% of the sporadic clear cell RCCs have other initiating genetic events 
for tumor development. Deletion or insertion mutations do not havea clustered 
region in sporadic clear cell RCCs. We compared missense mutations of 
sporadic RCC with germline cases. Although it is less apparent, similar 
clustered regions are observed (fig. 4). Missense mutations are distributed in 
the second half of exon 1, the boundary of exons 1 and 2, the middle portion 
of exon 2, and the top portion of exon 3 corresponding to the Elongin B, C, 
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Fig. 5. Somatic insertions and deletions of RCCs plotted on the 3 exons of the VHL gene. 


and Cul2 binding domain. This suggests that sporadic RCCs with missense 
mutations develop through genetic events similar to germline tumors with 
missense mutations. When clinical or pathological characteristics are analyzed 
in these sporadic clear cell RCCs, mutations in sporadic tumors are observed 
to a similar frequency in all clinical stages (43-58%) and pathological grades 
(46-63%) [31]. This finding suggests that mutations in the VHL gene occur 
in early stages, probably in the initiative stage in the carcinogenesis of clear 
cell RCC. 

Chromosomal (3;8) translocations in familial RCC cases have suggested 
other possible tumor-suppressor genes in the initiation of kidney cancers. 
However, families with this translocation also show mutations in the VHL 
gene [7]. Therefore, the VHL tumor-suppressor gene is the major gene responsi- 
ble for the development of most sporadic RCCs. 


Summary and Future Aspect 


Here, we show several features of the germline mutation in the VHL gene 
and somatic mutation of sporadic clear cell RCCs. 
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Germline mutations in the VHL gene have been thoroughly examined in 
Japan and the US and Europe. Germline mutations in the VHL gene are 
characterized by a high frequency of missense mutations in all countries. Most 
type-2 VHL show missense mutations. VHL type 1 also has a high frequency 
of missense mutations. The missense mutations have 4 clustered regions in the 
VHL gene. 

Sporadic human RCCs have also been well examined for somatic muta- 
tions in the VHL gene. Although all types of mutation, including hypermethyl- 
ation of the VHL gene, have been detected, somatic mutation of the VHL 
gene in sporadic RCC is characterized by a high frequency of deletion or 
insertion mutation. This is in contrast to germline cases. Deletion or insertion 
mutation of sporadic RCC in the VHL gene has no specific feature both in 
Japan and Western countries. Although it is less apparent, missense mutation 
of the VHL gene in sporadic clear cell RCCs shows clustered regions similar 
to those in germline mutation. Germline mutation of the VHL gene is a 
different event from somatic mutation of the VHL that occurs only in limited 
types of organs, probably by carcinogens. However, current results suggest 
that the origin of germline and somatic missense mutations may share a similar 
genetic mechanism. 

Exceptional cases are mutations at Tyr98His (VHL type 2A) or Tyr112His 
(VHL type 2A) that are observed in the VHL type2A, which has a low risk 
of RCC. This mutated pVHL may have a different function for tumorigenesis 
of pheos. 

Recent molecular biological work has revealed several interesting biolog- 
ical functions in the VHL gene. Some of them are based on studies of germline 
and somatic mutation. Some functions of the VHL gene remain unknown. 
When these functions are more precisely identified, there will be further prog- 
ress in the diagnosis, treatment and prevention of VHL-associated tumors and 
their sporadic types of tumors. 


Note Added in Proof 


After preparation of this manuscript, Stebbins et al. [33] showed the struc- 
ture of VHL-Elongin BC complex. It revealed B-sheet domain (amino acid 63 
to 154) in the N-terminal portion of VHL and a-helix (amino acid 155 to 192) 
in the C-terminal portion. B-Domain, that may correspond to region 1 to 3, is 
supposed to have unknown binding proteins. 
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Introduction 


Papillary renal carcinomas (PRCs) comprise 10% of all tumors of the 
kidney [1]. PRCs are defined as renal carcinomas showing at least 75% papillary 
architecture [2]. Thoenes et al. [1], in their landmark studies of renal tumor 
pathology, recognized papillary (chromophil) renal carcinoma as an independ- 
ent entity, and divided PRC into basophilic, eosinophilic and mixed subtypes. 
Recently, Delahunt and Eble [3] suggested that PRCs be divided into type 1 
and type 2, which correspond respectively to the chromophil basophilic and 
chromophil eosinophilic subtypes of Thoenes et al. [1]. In general, PRC type 
1 is characterized by the presence of short papillae lined by small epithelial 
cells with small, low-grade basophilic nuclei and scant amphophilic cytoplasm. 
PRC type 2 is characterized by papillae lined by large epithelial cells with 
high-grade nuclei and abundant eosinophilic cytoplasm. 

Recently, Jiang et al. [4], and Amin et al. [5] compared the clinical charac- 
teristics of PRC types | and 2, and found evidence supporting the classification 
of PRCs suggested by Delahunt and Eble [3]. Jiang et al. [4] identified 52 
PRCs among 615 renal tumors from the archives of the University of Basel. 
They selected for study 25 consecutive papillary renal tumors diagnosed after 
1985 and before 1996. There were 9 type 1 and 16 type 2 tumors. Type 2 
tumors were significantly larger, had a higher tumor stage, and higher nuclear 


Table 1. Summary of MET proto-oncogene mutations 
in papillary renal carcinoma 


DNA Exon Mutation Codon 

No. 

Somatic 
5458 16 C3528T H1112Y 
6052 16 C3564G H1124D 
6134 16 A3529T H1112L 
5468 18 C3831G L1213V 
4768 19 G3930C D1246H 
4769 19 T3936C Y1248H 
6046 19 A3937G Y1248C 
5422, 5434 19 T3997C M1268T 

Germline 
5946, 5274, 6088 16 G3522A V11101 
6285 16 C3528T H1112Y 
5161, 4599, 5976 16 A3529G H1112R 
4374, 4762 17 T3640C M1149T 
5269 18 G3810T V1206L 
5243, 6067 19 G3906A V12381 
5928 19 G3930A D1246N 
6059 19 T3936G Y1248D 
5456 19 A3937G Y1248C 
6082 19 T3997C M1268T 


From Schmidt et al. [11]. 


grade than type 1 PRCs. There were gains of chromosome 7 and 17 in 100% 
of type 1, but only 31% of type 2 had gains of 7p and 38% of type 2 had 
gains of 17p. Most type 1 tumors were stage pT1—2, and nuclear grade 1-2. 
Type 1 papillary renal tumors had a better prognosis (p =0.03) than type 2 
tumors. No patient with PRC type 1 died of the disease. The authors suggested 
that type 1 and type 2 PRCs were two different entities, not the same tumor 
at different stages of evolution. 

Zbar et al. [6-8] have described an inherited form of PRC. Affected 
family members developed multiple, bilateral PRCs. This disorder, designated 
hereditary papillary renal carcinoma (HPRC), was a consequence of missense 
mutations in the tyrosine kinase domain of the MET proto-oncogene (table 1; 
fig. 1). Mutations in the MET proto-oncogene were found in the germline of 
6 of 7 HPRC families studied and in the tumors of 13% of PRC patients 
without a family history of renal malignancy [9-11]. 
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Pathology of Renal Tumors in HPRC 


MET mutation-positive PRCs were genetically and histologically different 
from renal tumors seen in other hereditary renal syndromes (von Hippel- 
Lindau [VHL] and familial renal oncocytoma) and from most sporadic renal 
tumors with prominent papillary architecture (PRC type 2, PRC with chromo- 
some X;1 translocation, collecting duct carcinoma, conventional (clear) renal 
cell carcinoma (RCC) and metanephric adenoma). Patients with HPRC and 
germline MET mutations developed a spectrum of multiple, bilateral renal 
lesions with papillary histology: microscopic papillary lesions (<0.5 mm in 
size); papillary adenomas (<0.5 cm in size), and PRCs (>0.5 cm in size). 
HPRCs and sporadic PRCs with somatic MET mutations showed a distinctive 
PRC type 1 (chromophil basophilic carcinoma) histologic appearance (Luben- 
sky et al., unpubl. data). Multiple microscopic renal lesions were common in 
kidneys of HPRC patients. These lesions had the same architecture and histo- 
logy as papillary adenomas and PRC type 1. 

The histopathology of archival papillary renal tumors and metastases in 
patients from 6 HPRC families with germline MET mutations and PRCs with 
somatic MET mutations from patients with no family history of renal tumors 
was evaluated (Lubensky et al., unpubl. data). All tumors were 75—100% 
papillary/tubulopapillary in architecture with slender, short papillae and deli- 
cate fibrovascular cores. The tumor papillae were lined by a single layer of small 
cells with small basophilic nuclei and inconspicuous amphophilic cytoplasm. 
Areas of ‘clear’ cells were common in HPRCs regardless of size and were seen 
in all renal tumors from HPRC patients. Like ‘clear’ cells of the conventional 
(clear) cell RCC, ‘clear’ cells in PRCs contained intracytoplasmic lipid and 
glycogen demonstrated by electron microscopy. However, unlike conventional 
(clear) cell RCC, ‘clear’ cells of PRCs had small basophilic nuclei and tumor 
areas composed of ‘clear’ cells lacked a fine vascular network. Foamy macro- 
phages in fibrovascular cores, psammoma bodies, areas of hemorrhage and 
necrosis were common in HPRCs. Fibrous pseudocapsule was a common 
feature of PRCs >0.7 cm, but absent in smaller lesions. Fuhrman nuclear 
grade 1-2 (low grade) predominated in all papillary renal carcinomas with 
MET mutations but focal areas of Fuhrman nuclear grade 3 were seen in 
several tumors. Despite the low nuclear grade, 4 of 29 HPRC patients in 
the study had metastases to the lymph nodes, skeletal muscle and/or lungs 
(Lubensky et al., unpubl. data). 

In summary, papillary renal neoplasms from the members of different 
HPRC families and from sporadic PRC patients with MET mutations share 
the same histological features of PRC type 1 (chromophil basophilic renal 
carcinoma). These results support the concept of genetic heterogeneity of 
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RCCs, and of PRCs in particular, and stress the importance of the classification 
of renal neoplasms based on combined pathological and molecular genetic 
criteria. 


Heterogeneity of Papillary Renal Carcinoma 


The association between MET mutations and a particular histologic sub- 
type of PRC is remarkable. Previously, we emphasized that germline mutations 
in the VHL and MET genes predispose to specific histologic types of renal 
neoplasia. Mutations in the VHL tumor-suppressor gene predispose to clear 
cell renal carcinoma; mutations in the MET proto-oncogene predispose to 
PRC. This report emphasizes that mutations in MET predispose to a specific 
subtype of papillary renal cancer suggesting that PRC is genetically heteroge- 
neous. This concept is reinforced by the identification of families with PRC 
type 2; affected members of these families do not have germline MET mutations 
(Zbar, Lubensky, Schmidt, Merino and Linehan, unpubl. data). 

The morphologic appearance of PRCs produced by t(x;1) chromosomal 
translocation resulting in somatic mutations in the TFE3 and PPRC genes is 
different from the morphology associated with germline or somatic MET 
mutations [12-16] (Lubensky and Linehan, unpubl. observations). 


Classification of Inherited Carcinomas of the Kidney 


In order to place into perspective the association of mutations in the 
MET proto-oncogene with PRC type 1 (HPRC1), it is useful to consider the 
inherited tumors of the kidney. Virtually all inherited clear cell carcinomas of 
the kidney are produced by mutations in the VHL gene [8]. This group includes 
VHL disease families, as well as families with constitutional translocations 
involving chromosome 3p [17-20]. Tumorigenesis in families with constitu- 
tional chromosomal translocations is associated with loss of the derivative 
chromosome carrying distal 3p and somatic mutation of the remaining VHL 


Fig. 1. Partial amino acid sequence of the tyrosine kinase domain of MET illustrating 
location of germline and somatic mutations in papillary renal carcinomas (shown in red). 
The amino acid sequences of the homologous regions of c-erbB, care, c-Kit and RET are 
shown for comparison; conserved codons are in blue. The locations of the RET muta- 
tions,E768D, L790F, Y791F, V804L, and M918T are shown; the locations of the mutations 
in c-Kit that produce mastocytosis with an associated hematologic disorder, D816V, and 
D820G, are indicated; the location of the V157I mutation in c-erbB that produces malignancy 
is shown. From Schmidt et al. [11]. 
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gene [18, 19]. A few families with multiple members affected with clear cell 
renal carcinoma have been described in which the predisposing gene is not 
known [21]. Also, a recently recognized familial form of renal oncocytoma 
has been identified but the gene responsible for this inherited benign tumor 
of the kidney remains unidentified [22]. 

The inherited PRCs of the kidney may be divided into two groups. HPRC1 
refers to hereditary PRCs produced by germline mutations in the MET proto- 
oncogene. Inherited PRCs without mutations in the MET proto-oncogene are 
classified as HPRC2. The gene(s) responsible for an inherited predisposition 
to PRC type 2 is not known. 


Cytogenetic Studies of Papillary Renal Carcinomas 


The karyotype of PRCs has been described by Kovacs [16] using classic 
cytogenetic techniques, and more recently, by fluorescent microsatellite analysis 
[23]. Papillary adenomas of the kidney were characterized by trisomy of chro- 
mosomes 7 and 17, and in men, by loss of the Y chromosome. Papillary 
carcinomas of the kidney were characterized by trisomy of chromosomes 7, 
12, 16, 17, and 20. 

Recently, the issue of chromosomal changes in PRCs was revisited by 
Jiang et al. [4] who analyzed a series of PRCs by comparative genomic hybrid- 
ization. These workers found significant genetic differences between PRC types 
1 and 2. Trisomy 7 and trisomy 17 were significantly less frequent in PRC 
type 2 compared to PRC type 1. Other chromosomal gains and losses were 
detected but there was no significant difference in the frequency of these 
changes between PRC types | and 2. Although Jiang et al. [4] detected gains 
of copies of chromosomes 12, 16 or 20 in PRCs, there was no correlation 
between the frequency of these chromosomal gains, and the stage or grade of 
the papillary neoplasm. 


Clonality of Papillary Renal Carcinomas in Affected Members of 
HPRC Families 


Patients with HPRC1 have bilateral, multiple PRCs. One important ques- 
tion is whether these tumors are independent clonal events, or the result of 
intrarenal metastasis from a single primary tumor. Zhuang et al. [24] demon- 
strated that multiple PRCs from 1 female HPRC1 patient had independent 
clonal origins using the HUMURA assay, an assay based on inactivation of 
one of the X chromosomes in females during embryogenesis [24]. 


Schmidt/Lubensky/Linehan/Zbar 16 


Nonrandom Duplication of Chromosome 7 Bearing the 
Mutant MET Allele in Affected Members of HPRC Families 


Both Zhuang et al. [24] and Fischer et al. [25] demonstrated nonrandom 
duplication of chromosome 7, but random duplication of chromosome 17 in 
tumors from patients with HPRC1 by genotyping chromosome 7 and 17 poly- 
morphic markers and determining allele ratios by phosphoimaging analysis. 
Haplotyping the region immediately adjacent to the MET gene showed that the 
chromosome 7 bearing the mutant MET allele was the chromosome duplicated in 
HPRCI tumors. These data strongly suggest that 2 copies of the mutant MET gene 
are required for the development of papillary renal tumors in patients with HPRC1. 

Taken together, this information indicates that each papillary renal tumor 
in patients with HPRCI1 arises as an independent clonal event. Probably, 
duplication of chromosome 7 occurs randomly in renal cells. Only those cells, 
which duplicate the chromosome 7 bearing the mutant MET allele, continue 
to proliferate to form a detectable renal neoplasm. Whether there are processes 
which favor chromosome duplication is not known. 


Selection of Chromosome 7q31 and Chromosome 17q in Renal Tumors 


Glukhova et al. [26] serially transplanted grafts of human PRCs in nude 
mice. Successful transplantation of the xenografts was associated with enrich- 
ment of cytogenetic changes present in the primary tumor [26]. The xenografts 
were enriched for duplication of chromosome 7q31 and chromosome 17q?1- 
qter. It is not known whether the MET gene was mutated in the xenografts, 
or whether the expression of MET was increased; an increased number of 
copies of MET was demonstrated in some tumors. These results support the 
idea that the chromosomal regions 7q31 and 17q21-qter contain genes whose 
expression is critical to the growth and proliferation of human PRCs. 


Number of Renal Tumors in Patients with HPRC 


There is considerable variation in the number of PRCs in patients with 
the identical germline MET mutation, for example, H1112R. One patient in 
family 150, I-18, had at least 100 PRCs; his 2 brothers, carriers of the H1112R 
mutation, and of similar age, had a total of 1 renal tumor [6] (unpubl. data, 
Zbar and Linehan). The factors underlying this considerable variability are 
unknown, but may indicate a role of modifier genes that may be required for 
complete expression of the PRC phenotype. 
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Fig. 2. Penetrance of the H1112R MET mutation. The mutation status was determined 
by sequencing exon 16 of the MET gene. Renal tumor status was determined by CT or by 
pathological examination of resected tumor samples. Kaplan-Meier plots were generated by 
the computer program of Thomas et al. From Schmidt et al. [10]. 


Age of Tumor Development 


The age of development of PRCs is best studied in the context of the 
MET H1112R mutation. The risk estimation curve (fig. 2) plotting fraction 
of patients with renal neoplasms (detected by computerized tomography) as 
a function of patient age indicates that by age of 55, only half of the H1112R 
mutation carriers have developed detectable disease [10]. Although the MET 
mutations produce changes that can be measured in short-term assays in vitro, 
in humans these MET mutations require years to become manifest. This delay 
in tumor development may reflect the time required for duplication of the 
mutant MET allele, the development of trisomy of other chromosomes (chro- 
mosome 17, for example) and/or the action of proteins produced by modifier 
genes. 


MET and Metastasis: Studies in Patients 
Do patients with PRCs as a consequence of mutations in the MET 


proto-oncogene develop metastases? This question is best addressed in families 
with the MET H1112R mutation, because the number of patients with this 
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mutation is great [10]. There are 23 individuals carrying the germline H1112R 
mutation who are affected with PRC; there are 15 asymptomatic carriers of 
the H1112R MET mutation. Of the 23 individuals known to have papillary 
renal tumors associated with the H1112R MET mutation, 6 (26%) had distant 
metastases. 


Frequency of MET Mutations in Patients with Sporadic 
Papillary Renal Carcinoma 


Schmidt et al. [11] have reported that 13% of sporadic PRCs had mutations 
in the MET proto-oncogene. In this work, the denominator was all PRCs 
studied without regard for PRC subtypes. If we assume that 50% of sporadic 
PRCs are type 1, and use as the denominator the number of sporadic PRC 
type 1 tumors, the frequency of MET mutation in sporadic PRC might be as 
high as 25%. 


MET/HGF Receptor/Ligand Signaling System 


The MET proto-oncogene encodes a transmembrane receptor tyrosine 
kinase protein whose ligand is hepatocyte growth factor/scatter factor (HGF/ 
SF). The MET protein is widely expressed in epithelial cells; HGF is produced 
primarily by mesenchymal cells. The MET/HGF receptor/ligand pair mediates 
several important biological processes including cell proliferation, motility, 
differentiation, as well as normal embryological development [27]. These bio- 
logical activities have been measured in vitro by assays of the proliferation 
and movement of cells [28], and by formation of tubular structures in response 
to receptor/ligand signaling [29]; in addition genetic engineering studies have 
been performed in mice [30, 31]. 

The critical element in MET/HGF receptor/ligand signaling is autophos- 
phorylation. Ligand binding to the MET protein triggers receptor dimeriz- 
ation and phosphorylation of other MET molecules in trans. Subsequent 
downstream phosphorylation of a src-2 homology (SH2)-docking site located 
in the COOH terminal tail of the MET protein permits binding of SH2- 
containing second-messenger molecules and activates MET/HGF signaling 
pathways [32]. Molecular modeling studies suggest that the inactive form of 
the MET receptor is autoinhibited by the activation loop of the tyrosine 
kinase domain. Binding of the ligand HGF facilitates the conversion of 
the inactive (unphosphorylated) form of the MET receptor to the active 
(phosphorylated) form [33]. 
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The 16 tyrosine residues in the intracellular domain of the MET protein 
(designated Y 1-Y16) have been evaluated for their role in MET/HGF signaling. 
Binding of its ligand HGF to the extracellular domain of the MET receptor 
stimulates autophosphorylation on tyrosines 1252 and 1253 (Y8 and Y9) in 
the activation loop of the tyrosine kinase. (Numbering is in accordance with 
Genbank Accession No. J02958.) This phosphorylation event is critical to all 
subsequent steps. Mutation of Y1252 and Y1253 to phenylalanines blocked 
all HGF-induced signaling [33]. 

Signal transduction by HGF/MET requires phosphorylation of tyrosines 
1367 and 1374 (Y14 and Y15) located in the COOH terminal tail of the 
protein. Upon phosphorylation, this region interacts with many SH2 domain- 
containing signal transducer proteins. The SH2 domains of phosphoinositol 
3-kinase (PI 3-K), phospholipase, C gamma | (PLC y), and pp60 c-sre bind 
directly to either of the phosphotyrosines in consensus sequence Y1367 
VHVNAT-Y1374 VNV, the 11 amino acid multifunctional docking site. Grb2/ 
SOS (growth factor receptor binding protein 2/son-of-sevenless complex) binds 
specifically to the motif, Y1374VNV, and acts as an adaptor for Gab-1, a 
multiadaptor protein. Gab-1 coupling to the MET/Grb2 complex facilitates 
the binding of PLC y and the p85 subunit of PI 3-K to MET in a Grb 2- 
dependent manner [32]. 

The critical role of tyrosines 1367 and 1374 in the SH2-docking site has 
been established with mouse model studies. Homozygous mice carrying a 
Y1367, Y1374-—F 1367, F1374 mutated MET died in utero in the same time 
frame as MET knockout mice [31], proving the essential role of the multifunc- 
tional docking site for mouse development. The YY—FF mutation in onco- 
genic TPR-MET abrogated transformation and experimental metastasis, 
underscoring the role of MET signaling in cell proliferation, invasion and 
metastasis [34]. 

Blocking the ability of MET to signal through the Ras pathway by trans- 
fecting MDCK cells with dominant-negative Ras led to inhibition of cell 
motility [28]. Mutation of the Grb2 consensus sequence, N1376—H1376, 
blocked cellular transformation initiated by TPR-MET [35], and in mouse 
studies led to impaired limb development but not liver or placenta [31], sup- 
porting the role of the Ras pathway in cell motility and transformation. Dup- 
lication of the Grb2 site enhanced in vitro transformation but abolished 
metastatic potential, indicating the requirement of other signal transducers 
for invasion and metastases [35]. 

Recent studies [36] suggest a role for Y6 and Y10 in MET/HGEF signaling. 
Substitution of these tyrosines for phenylalanines in a wild-type MET con- 
struct, coexpressing HGF in NIH3T3 cells, significantly diminished this onco- 
genic MET/HGF autocrine signaling. 
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MET/HGF Receptor/Ligand Pair in Cancer 


The MET/HGF receptor ligand pair has been implicated in the pathogen- 
esis of human cancer. MET overexpression has been documented in a large 
number of malignancies including thyroid carcinoma, pancreatic carcinoma, 
osteosarcomas, glioblastomas, and colon cancer [37]. The biochemical basis 
for the overexpression of MET protein in human cancers is not understood. 
There is no evidence for genomic amplification of the MET gene in most 
cancers with overexpression of the protein; however, there has been some 
suggestion of increased transcription of the MET message. 

The recent identification of germline and somatic mutations in the tyrosine 
kinase domain of MET in patients with PRC established a direct link between 
the MET receptor tyrosine kinase and human cancer. Germline MET muta- 
tions were identified in affected members of 6 of 7 families with HPRC [9, 10]. 
The mutations were shown to segregate with disease phenotype. In addition, 
mutations were identified in 13% of sporadic PRCs from patients with no 
family history of renal cancer [11]. All mutations were missense and were 
located in the tyrosine kinase domain of the MET proto-oncogene. It is interest- 
ing that three PRC-associated MET mutations are located in ‘hot spots’, 
codons homologous to codons where disease-causing mutations have been 
found in RET, c-Kit and c-erbB, other receptor tyrosine kinases (fig. 1). To 
date 15 different mutations have been identified in 10 codons (table 1). 

The identification of MET mutations in PRC has raised a number of ques- 
tions. How do these missense mutations in MET lead to cancer? Are these mis- 
sense mutations in MET gain-of-function mutations? How do these mutant 
MET molecules signal? What biological processes are altered by mutations in 
MET? How can mutant MET activities be inhibited? How can one visualize the 
3D structure of the mutant MET receptor? Are dimers formed by mutant MET? 


Activating Mutations in MET Vary in Transforming Ability 


Studies by Jeffers et al. [38] showed that the missense mutations in the 
tyrosine kinase domain of MET associated with PRC stimulate transformation 
when transfected into NIH3T3 cells as measured by focus formation. Strong 
activating mutations (i.e. M1268T) produced > 300 transformed foci per micro- 
gram of DNA, intermediate activating mutations De Y1248H, D1246N, 
D1246H, Y1248C) produced 100-200 transformed foci, and no transformed 
foci were produced by the weak activating mutants De MI149T, V1238I, 
V1206L). Mutations which originated from sporadic PRC were generally more 
activating than those carried in the germline. 
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Mutations in MET are Gain-of-Function Mutations 


When biochemical studies were performed on NIH 3T3 cells expressing 
exogenous wild-type or mutant MET protein, several observations were 
consistently made. Although the amount of exogenous MET protein made 
by NIH 3T3 cells expressing wild-type or mutant MET molecules was 
similar, there were major differences in MET phosphorylation on tyrosine, 
and kinase activity between cells transfected with wild-type MET and mutant 
MET genes. Cells expressing mutant MET showed increased MET kinase 
activity compared to cells expressing wild-type MET; mutant MET pro- 
teins were phosphorylated on tyrosine in the absence of the ligand, HGF; 
wild-type MET proteins did not show ligand-independent phosphorylation 
[38]. 


Biological Processes Altered by Activating MET Mutations 


Cells expressing exogenous activating mutant MET proteins exhibit a 
number of characteristics not found in cells expressing exogenous wild-type 
MET. These characteristics include the formation of foci in monolayers of 
transfected NIH 3T3 cells, the scattering of Madin Darby canine kidney cells, 
and the formation of tumors in immunodeficient mice inoculated with mutant 
MET transfected NIH 3T3 cells [38, 39]. In addition, NIH 3T3 cells expressing 
exogenous mutant MET or NIH 3T3 cells expressing exogenous Trk-mutant 
MET chimeric protein form pulmonary metastases when injected intravenously 
into immunodeficient mice [39]. 


Signaling Pathways Used by Activating Mutant MET Molecules 


NIH 3T3 cells transfected with activating mutant MET molecules appear 
to signal through the same pathways used by wild-type MET molecules. In 
NIH 3T3 cells transfected with MET mutants Y1248H, D1246H, D1246N 
and M1268T, mutant MET molecules were constitutively associated with 
Gab1, Grb2/SOS and the p85 subunit of PI 3-K suggesting that mutant MET 
binds to the same signal transducers as wild-type MET. Mutation of the 2 
tyrosines in the SH2-docking site completely abrogated the association of 
mutant MET molecules with downstream signal transducers and inhibited 
transformation of NIH 3T3 cells [40]. 
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Fig. 3. 3D model of the kinase domain of MET in the autoinhibited form. A Ribbon 
representation of the protein backbone. N-terminal and C-terminal lobes are shown in dark 
and light green, respectively; the glycine-rich, ATP-binding loop in orange, the catalytic loop 
in dark blue, the activation loop in magenta, the P+1 loop in blue. The position of MET- 
activating mutations are marked as red dots. B Selected side chains of wild-type (green) and 
mutated (orange) MET residues. The replacement of valine 1110 with isoleucine results in 
a steric clash with phenylalanine 1241. Substitution of tyrosine 1248 with aspartic acid 
eliminates the hydrophobic interactions of the phenolic ring of Y1248 with the aliphatic side 
chains of arginines 1226 and 1188 which stabilize the inhibitory conformation of the activation 
loop. Both mutations will facilitate the transition to the active form of the enzyme. From 
Schmidt et al. [11]. 


Knowledge Gained by Molecular Modeling of MET Mutant Molecules 


Molecular modeling of the MET tyrosine kinase domain on the insulin 
receptor kinase crystal structure suggests that in the inactive (unphosphoryl- 
ated) state, the kinase activity of the protein is inhibited by placement of the 
COOH terminal tail of the protein into the active site of the molecule (fig. 3) 
[11]. The COOH terminal tail of the MET protein acts as a pseudosubstrate 
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and both the ATP and substrate-binding domains of the MET kinase are 
inaccesible to cytosol. The mutations identified in PRC patients appear to 
destabilize the inactive conformation of the MET molecule facilitating transi- 
tion to the active state. Visualized as a light switch, in cells containing mutant 
MET receptors the switch is not in the ‘off position; the switch is located 
between the ‘off and ‘on’ positions. This interpretation is reinforced by the 
finding that when the ligand HGF is added to cells expressing exogenous 
mutant MET molecules, the number of foci formed by NIH 3T3 cells is greater 
than the number of foci formed when cells expressing exogenous wild-type 
MET are treated with HGF. The mutations in MET increase the responsiveness 
of cells to the ligand HGF [39]. 


MET and Metastasis: Studies in Experimental Animals 


Recent experimental studies by Jeffers et al. [39] and Bardelli et al. [40] im- 
plicated the MET proto-oncogene in the metastatic process. When NIH 3T3 
cells transfected with mutant MET genes were injected intravenously into 
athymic nude mice, tumor deposits formed in the lungs. Pulmonary metastases 
also formed after injection of NIH 3T3 cells transfected with the extracellular 
ligand-binding domain of nerve growth factor fused to the intracellular mutant 
MET tyrosine kinase domain. Mice bearing a mutant MET transgene under the 
control of the metallothionien promoter formed breast cancers with metastases. 


Conclusions 


Activating mutations in the tyrosine kinase domain of the MET receptor 
lead to a predisposition to develop bilateral, multiple PRCs. These PRCs are 
of a specific histologic subtype, PRC type 1. Systemic metastases occurred in 
a subset of patients with the H1112R germline mutation. 

Activating mutations, to date, have been identified only in the tyrosine 
kinase domain of the MET protein. The location of three mutations in MET 
correspond to ‘hot spots’, that is, to codons located in other receptor tyrosine 
kinases that when mutated produce receptor activation, and disease. Signaling 
studies indicate that NIH 3T3 cells expressing activating MET mutations show 
constitutive phosphorylation of the MET tyrosine kinase, increased kinase 
activity, and constitutive binding of signaling effectors, Gabl, Grb2/SOS, and 
the p85 subunit of PI 3-K. Signaling of activating mutant MET receptors 
proceeds through at least some of the same pathways used by ligand-stimulated, 
wild-type MET molecules. 
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Introduction 


Renal cell carcinoma (RCC) is an important complication of long-term 
hemodialysis. At present (December 1998), over 700,000 patients worldwide 
(280,000 in the United States, 176,000 in Japan and 160,000 in Europe) are 
being treated for end-stage renal diseases by either hemodialysis or continuous 
ambulatory peritoneal dialysis (CAPD). The number of patients is growing 
rapidly, and many long-term dialysis patients undergo dialysis for more than 
10 years. For example, 40,000 patients or 23% of all dialysis patients are long- 
term dialysis patients in Japan [1] because few renal transplantations are 
performed. Acquired renal cystic disease with or without RCC [2-5] is one 
of the new diseases that develops in patients on long-term dialysis due to 
conditions such as dialysis amyloidosis, aluminum intoxication and accelerated 
atherosclerosis. In 1977, Dunnill et al. [2] described acquired cystic disease of 
the kidney in 14 of 30 autopsy cases, 6 of which exhibited a renal tumor, 
including 1 metastasis. In this study RCC in dialysis patients is reviewed. 


Our First Case 


In 1978, we encountered the first patient who successfully underwent surgery for RCC. 
The subject was a 24-year-old male who had been treated by hemodialysis for 7 years [3]. 
The diagnostic process in this case was unusual. His preoperative and initial postoperative 
diagnoses were infected autosomal dominant polycystic kidney disease and autosomal domi- 
nant polycystic kidney disease with a large hematoma 7 cm in diameter, respectively. However, 
a renal biopsy had been performed previously which revealed crescentic glomerulonephritis. 


Table 1. Gender distribution of dialysis patients with renal cell carcinoma 


1982 1984 1986 1988 1990 1992 1994 1996 1998 Total 


Males 25 31 40 91 112 150 216 222 285 1,172 (80.8%) 
Females 9 6 8 24 18 34 57 55 68 279 (19.2%) 
Total 34 37 48 115 130 184 273 277 353 1,451 


There were marked discrepancies between the findings of the surgically resected specimen 
and his medical history. The medical literature was reviewed at that time, and it was found 
that Dunnill et al. [2] had reported similar cases 1 year before. It was proposed that hemodi- 
alysis was initiated due to rapidly progressive glomerulonephritis, acquired renal cystic disease 
had developed during hemodialysis over a 7-year period and finally RCC developed. The 
pathologist was asked to reexamine the resected specimen and to focus on the hematoma. 
RCC of a mixed cell subtype with papillary structure was found at the wall of the hematoma. 
The patient exhibited acquired renal cystic disease complicated by RCC after 7 years of 
hemodialysis. Twenty years after nephrectomy, the patient is still on hemodialysis and is 
doing well, except that bladder cancer was detected 2 years prior to this study and was 
treated successfully. 


RCC in Dialysis Patients 


The prevalence of RCC in dialysis patients is 1.5% and the incidence is 0.4%/ 
year [6]. The frequency or incidence of RCC in dialysis patients is 140 times 
higher than that in the general population according to our 10-year follow-up 
results and 3 per million per year in the general population in Japan [7, 8]. The 
frequency or incidence of RCC in dialysis patients is 40 times higher than that 
in the general population due to health examinations by sonography [8]. More 
precisely, the incidence is 15 times higher in males and 12 times higher in females 
than in the general population in Japan [9]. The last incidence data [9] showed 
that in patients less than 45 years of age, the incidence of RCC is 200—600 times 
higher than that of the general population. Gardner and Evan [10], MacDougall 
etal. [11] and Levine [12] reported a similar prevalence or incidence. The annual 
incidence of RCC is 163 of 100,000 hemodialysis patients. However, if we divide 
the patients according to dialysis duration, the annual incidence of RCC is 99 
of 100,000 hemodialysis patients after less than 10 years, and 384 of 100,000 
hemodialysis patients after more than 10 years [9]. 

Nationwide questionnaire studies were performed in Japan in 1982 and 
1998. The total number of RCC cases was 1,451 (table 1; unpubl. data), 80.8% 
of which were males and 19.2% females. The male to female ratio was 4.2 to 
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Fig. 1. Regression of acquired renal cystic disease after successful renal transplantation: 
a Acquired renal cystic disease is reflected by very low density and normal-sized kidneys in 
a 40-year-old male on hemodialysis for 18 years due to chronic glomerulonephritis (bilateral 
kidney volume 301 ml). b Regression of acquired cysts 3 months after transplantation (bilat- 
eral kidney volume 114 ml). 


1. The mean age was 53.5+11.6 years. The mean duration of hemodialysis 
was 115.1 +74.6 months. An important finding is that half of the RCC cases 
were found in long-term dialysis patients who had undergone dialysis for more 
than 10 years. The presence of acquired renal cystic disease was noted in 
81.8%. Tumor size was 4.2 +2.9 cm. Metastasis was observed in 16% (226 of 
1,411 patients) for a mean observation period of 1 year. The frequency of 
screening for RCC in dialysis patients was high, and RCCs in dialysis patients 
were cyst-related and found in long-term dialysis patients [9]. 

Although almost all reported cases of RCC in dialysis patients were adults, 
acquired renal cystic disease complicated by RCC was reported in children on dial- 
ysis [13, 14]. Therefore, age may not be relevant in the development of RCC related 
to cysts, and age was clearly not associated with acquired cyst development [3]. 
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Acquired Renal Cystic Disease 


Eighty percent of RCCs in dialysis patients are cyst-related RCCs. Ac- 
quired renal cystic disease is defined by bilateral development of multiple renal 
cysts in uremic patients with initial cyst-unrelated renal disease. The incidence 
and severity of acquired renal cystic disease increase in long-term dialysis 
patients. Acquired renal cystic disease has a male predominance [15], but is 
not related to age [3], dialysis modality (hemodialysis or peritoneal dialysis) 
[16], or dialysis membrane (cuprophan or synthetic membrane). The frequency 
of acquired renal cystic disease is 12, 44, 79 and 90% in patients before, <3, 
>3, and >10 years of hemodialysis, respectively. Marked evidence includes 
the regression of acquired renal cystic disease after successful renal transplanta- 
tion [17] (fig. 1). Two major complications of acquired renal cystic disease are 
the development of a renal tumor or RCC and retroperitoneal bleeding [6, 18]. 
These characteristics of acquired renal cystic disease are important to under- 
stand RCC in dialysis patients. 

The pathology of acquired renal cystic disease [2] suggests that a sequence 
of events exists in the order of tubular epithelia to cyst lining cells, hyperplastic 
epithelia, adenoma and finally RCC. All pathological findings for epithelial 
cells suggest that they are mainly derived from proximal tubules and that the 
risk factors for patients with developing acquired cysts and developing RCC 
are the same [6]. Kidneys enlarged due to acquired cysts are more likely to 
develop RCC [6, 19]. These indirect findings suggest a multi-step sequence 
from cysts to atypical cysts to adenoma to RCC [18]. 


RCC in CAPD Patients 


The modality of treatment does not influence the development of acquired 
cysts or RCC [16]. No long-term CAPD patients had been reported before 
1992, but 10 cases of RCC in CAPD patients were reviewed [20] and since 
then, more than 10 cases of RCC have been reported. Bilateral RCCs in CAPD 
were described recently [21]. 


RCC in Transplant Recipients 


While acquired renal cystic disease regresses rapidly, it is assumed that 
the risk of RCC related to acquired renal cystic disease decreases after 
successful renal transplantation [17] (fig. 2). A previous study [22] reported 
that the incidence was 1 of 178 patients/year in dialysis patients and 1 of 
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Fig. 2. Changes in serum creatinine, kidney size, severity of acquired cysts and estimated 
risk of developing renal cell carcinoma are illustrated during predialysis, during hemodialysis 
and after renal transplantation. From Ishikawa [4]. 


541 patients/year in transplant recipients, which supports our findings. How- 
ever, this favorable condition to reduce the incidence of RCC after renal 
transplantation may be overcome using immunosuppressive drugs (fig. 2). 
In a review in 1992 [23], although the frequency of RCC in transplantation 
was less than that in dialysis patients, the metastatic rate of RCC found after 
renal transplantation was higher than that in dialysis patients. Recently, 
Doublet et al. [24] found RCCs in 5 of 129 recipients (3.9%) and Kliem et 
al. [25] reported RCCs in 12 of 154 (7.8%) patients. Sant and Ucci [26] found 
RCC and acquired renal cystic disease in 4 kidneys of 2 recipients. Of 19 
hemodialysis patients with RCCs 92% showed no metastases, and of 7 renal 
transplant recipients with RCCs 71% had advanced cancer or metastasis and 
3 patients died of cancer [27]. 

Imanishi et al. [28] reported the results of a nationwide questionnaire 
study of malignancy in renal transplant recipients in Japan. Of 9,010 recipi- 
ents, they found 204 malignant cases, and 30 of these malignancy cases had 
RCCs. RCC was reported to be the most frequent type of malignancy among 
renal transplant recipients in Japan. Two types of RCC are diagnosed after 
renal transplantation: RCC which develops during the dialysis period and 
is diagnosed after transplantation, and RCC that develops de novo after 
renal transplantation. A total of 129 cases of RCC following renal transplanta- 
tion was reported in 1992 [23], and more than 120 cases have been described 
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Fig. 3. Acquired renal cystic disease complicated by renal cell carcinoma. 4-cm renal 
cell carcinoma in the lower pole and multiple small cysts up to 2 cm are seen. 


since then. The prognosis of RCC diagnosed after renal transplantation was 
not poor if an early diagnosis was made. Nationwide questionnaire results 
in Japan [28] suggest a better prognosis of RCC in transplant recipients with 
early detection than that previously considered. Oncocytoma in the native 
kidney after renal transplantation [29] has also been reported. 


Histology of Acquired Renal Cystic Disease and RCC 


Figure 3 illustrates acquired renal cystic disease with RCC in a long-term 
dialysis patient. Multiple small acquired renal cysts and RCC in the lower 
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Fig. 4. Papillary renal cell carcinoma consisting of small- to medium-sized granular 
cells from a kidney of a 55-year-old male on hemodialysis for 140 months. x 250. 


pole of the right kidney were observed. Histologically, in the majority of 
patients, cysts, hyperplastic epithelial cells, atypical cysts and adenomas were 
seen with RCC in the kidney. Tubular cells have high proliferative activity 
[30-33]. C-erb B2 was overexpressed in cysts, noncystic renal tissue and RCC 
[34]. Expression of heat shock protein was correlated with that of proliferating 
cell nuclear antigen [35]. The RCC and renal tumor were commonly multifocal. 
Therefore, a high incidence of bilateral RCC was noted in 11 of 130 cases 
(8.5%) [36]. 

Papillary and nonpapillary renal cell tumors according to Thoenes’ classi- 
fication in the general population can be differentiated according to their 
genetic constitution. The incidence of RCC in dialysis patients has been 
investigated histologically [37]. Nonpapillary RCC was observed in 22 cases 
(51.2%), whereas papillary renal cell tumors were diagnosed in 21 (48.8%) 
of the 43 patients treated with hemodialysis. The incidence of papillary renal 
cell tumors in dialysis patients is significantly higher than in the general 
population (4.8%). Patients with papillary renal cell tumors had received 
hemodialysis for a longer period than patients with nonpapillary RCCs. These 
data suggest that not only different genetic events but also different etiological 
factors are involved in the development of the two types of tumors in dialysis 
patients [37]. Some patients show both papillary and nonpapillary RCCs in 
1 kidney [37]. 
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The cellular and structural subtypes classified according to the “General 
Rules for Clinical and Pathology Studies on Renal Cell Carcinoma supported 
by the Japanese Urological Association, the Japanese Society of Pathology 
and the Japan Radiological Society’ were compared between patients on 
dialysis and the general population. Figure 4 reveals the granular cell subtype 
and papillary structure in a young, long-term dialysis patients. In 1994 and 
1996, 412 RCCs in patients on dialysis were surveyed by questionnaire for 
cellular subtypes, and in 1996, 179 for structural subtypes. The cellular subtype 
was a clear subtype in 55%, granular subtype in 21% and mixed subtype 
in 24% of patients. Mixed and granular subtypes were significantly more 
predominant in patients on dialysis than in the general population, and more 
frequent than the clear cell subtype in patients on dialysis for more than 5 
years. The structural type of RCC in patients on dialysis was alveolar in 
37%, tubular in 16%, papillary in 27%, cystic in 11% and solid in 8% of the 
patients. Tubular and papillary types were significantly more prevalent in 
patients on dialysis than in the general population, and in patients on dialysis 
for more than 5 years. In conclusion, the cellular and structural types of 
RCC in patients on dialysis were slightly different from that in the general 
population. Granular or mixed subtype RCC with a tubular or papillary 
pattern is predominant in patients on long-term dialysis [9]. The hypothesis 
of Ishikawa and Shinoda [38] states that there are two types of RCC in 
dialysis patients: one occurs in older patients on short-term dialysis and is 
less related to acquired cysts, similar to RCC in the general population, and 
the other occurs at a younger age with long-term dialysis and is highly related 
to acquired cyst formation. The former type may show the clear cell subtype 
and alveolar patterns and the latter type granular or mixed cell subtypes 
and tubular or papillary patterns. 

Besides papillary and nonpapillary RCCs, oncocytoma [39], sarcomatoid 
RCC [40] and Bellini’s duct tumor [41] were described. Moreover, urothelial 
neoplasia with acquired renal cystic disease was reported [42]. 


Gene and Chromosomal Abnormalities in RCC in Dialysis Patients 


We investigated whether there is any difference in cytogenetic abnormali- 
ties in papillary and nonpapillary RCC between dialysis patients and the 
general population. Trisomy 5, 16 and 20 and loss of the Y chromosome of 
papillary RCC were reported in a patient on long-term dialysis in 1993 [43]. 
We also performed karyotypic analysis in 4 papillary and 1 nonpapillary 
RCC cases (fig. 5) [44] and examined the loss of heterozygosity (LOH) in 4 
nonpapillary RCC cases. All 4 patients with papillary RCC exhibited many 
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Fig. 5. Karyotypes of papillary renal cell carcinomas. 


supernumerary chromosomes, mainly in chromosomes 12, 16 and X in 2 of 
4 patients. Karyotypes of 7 additional cases of papillary RCC encountered in 
our institution were added to figure 5 including later studies [45—48]. The 
combined results revealed a relatively high incidence of trisomy 7 and 16 and 
loss of the Y chromosome (fig. 5). Three of four patients with nonpapillary 
RCCs revealed LOH at loci on 3p14 and 3p21 [44]. Hughson et al. [49] found 
a mutation of the von Hippel-Lindau (VHL) gene in 1 of 3 nonpapillary 
cancers. These karyotypic changes in papillary RCC and LOH on 3p in non- 
papillary RCC suggest that cytogenetic changes in RCC patients undergoing 
chronic hemodialysis are similar to those in nondialysis patients, although this 
conclusion is preliminary because the number of patients studied was small. 


Pathogenesis of RCC in Dialysis Patients 


The mechanism of RCC development in the atrophic kidneys with ac- 
quired cysts is very interesting both for clinicians and researchers; however, 
the etiology remains unclear [18]. One hypothesis is as follows, nephron loss 
causes hypertrophic changes and an unknown uremia-related growth factor 
develops. This causes tubular undifferentiated growth, genetic noise and an 
increased risk of mutation. Moreover, maturity-arrest immature tubular cells 
and a gene expression defect of the normal tubular structure exist and finally 
acquired cysts develop. Furthermore, the long-term effect of the uremia-related 
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growth factor causes highly proliferative tubules finally resulting in an abnor- 
mality of separation of chromosomes or numerical change, as well as structural 
changes in chromosomes, followed by papillary or nonpapillary RCC. As 
double cancers were sometimes detected with RCC in dialysis patients, a 
common oncogene or impaired immune surveillance was also suggested as 
the cause of RCC development in dialysis patients. 

No effective uremic animal model for RCC accompanied by acquired 
renal cystic disease has been developed. Some animal models have been re- 
ported, using N-ethyl-N-hydroxyethylnitrosamine with adenine [50], ferric 
agents nitriloacetate [51] and diphenylthiazole with N-nitrosomorpholine [52]. 


Diagnosis of RCC in Dialysis Patients 


More than 90% of RCCs in dialysis patients do not show any symptoms. 
Symptoms include gross hematuria which is the most profound symptom, 
then followed by abdominal pain, fever, erythrocytosis, anemia, hypercalcemia 
or symptoms of metastasis. About 90% of RCC cases were found by imaging 
studies, either sonographic or computed tomographic (CT) examinations [9]. 
Protrusion of the solid mass from the contour of the kidney is a diagnostic 
aid for relatively short-term hemodialysis; however, RCC in long-term dialysis 
develops within the contour of the native kidney and is surrounded by multiple 
acquired cysts. If sonographic analysis reveals an echogenic mass, helical CT 
with bolus injection of contrast media is the next diagnostic procedure for 
RCC. Vascularity should be verified with this procedure, e.g. whether it is a 
hyper- or hypovascular tumor [6]. A mass without enhancement indicates 
hemorrhagic cysts. Dynamic CT or magnetic resonance (MR) is useful to 
make a final preoperative diagnosis [6, 53]. MR imaging can detect smaller 
tumors than sonography [54]. The differential diagnosis of hemorrhagic cysts 
is necessary when MR imaging is used [55]. Diagnoses of RCCs are clear after 
renal transplantation due to the regression of acquired renal cysts [43]. 

No tumor marker [56] is useful for the diagnosis of RCC in dialysis 
patients. In rare cases, the erythropoietin concentration may be a tumor maker. 
In very few patients is dialysis associated with pheochromocytoma [57]. This 
condition should be differentiated from RCC. 


Screening for RCC in Dialysis Patients 


Controversy remains regarding the need to screen for RCC in all dialysis 
patients. Ishikawa et al. [3, 6] recommended yearly screening because the 
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frequency of RCC in Japan is high, many young long-term dialysis patients 
exist although few renal transplantations are performed, RCC is usually asymp- 
tomatic and some dialysis patients with RCC have metastases. Many studies 
have shown the value of screening patients on dialysis for more than 3 years 
[58, 59]. The screening rate for RCC is high in dialysis centers in Japan. 
However, Chandhoke et al. [60] reported that screening, using decision analysis, 
was unnecessary because the incidence of RCC was not high based on autopsy 
results and because they supported the theory that RCC is not related to 
acquired renal cystic disease. Death from renal malignancies does not appear 
to be greater for dialysis patients than for the nondialysis population. Sarasin 
et al. [61] compared 2 screening methods by decision analysis. With screening, 
the life span of a 20-year-old dialysis patient whose residual life span is 25 
years may be prolonged by only 1.6 years. For a 58-year-old patient, beginning 
dialysis with a life expectancy of 5 years, screening may prolong the life 
expectancy by only 4 or 5 days. Therefore, they concluded that routine screening 
for all dialysis patients was not justified in terms of cost effectiveness. However, 
they supported screening patients with a high risk for RCC. At present, young 
male patients on long-term dialysis with enlarged kidneys due to acquired 
renal cystic disease should be screened yearly either by sonography or CT. 
Furthermore, all dialysis patients should be examined before renal trans- 
plantation. 


Treatment of RCC in Dialysis Patients 


The treatment of choice for RCC in dialysis patients is nephrectomy [6]. 
Nephrectomy is indicated for all tumors diagnosed by imaging. If a tumor 
reveals vascularity either by enhanced CT or MR and a hemorrhagic cyst is 
ruled out, all tumors should be removed by nephrectomy regardless of the 
tumor size. A tumor larger than 1 cm in diameter should be nephrectomized 
if it is diagnosed, because tumors sometimes show rapid growth although 
large numbers of tumors reveal slow growth. 

Unfortunately no method to differentiate between slowly and rapidly 
growing tumors has been established. Nephrectomy is performed only on the 
side of the tumor. Uninephrectomy is performed by lumbar oblique incision 
and simple or radical nephrectomy is carried out depending on the stage of 
RCC. Recently, nephrectomy using endoscopic manipulations [62] has been 
performed. Interferon is rarely used without confirmation of the effectiveness 
[63]. 
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Fig. 6. CT findings 3, 7 and 9 years after left nephrectomy for renal cell carcinoma. 
Local recurrence of acquired cysts and renal cell carcinoma is observed. From Ishikawa 
et al. [72]. 


Prognosis of RCC in Dialysis Patients 


Sixteen percent of the patients revealed metastasis [9]. Metastatic organs 
are the same as RCC in nondialysis patients. The 5-year survival rate is better 
in Japan compared to that in other countries. Recently, a number of metastatic 
RCC cases among dialysis and transplant patients have been reported [53, 
64-72]. We encountered a unique case of local recurrence (fig. 6) [9]. The 
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potentially invasive nature of such tumors is further illustrated by the observa- 
tion of local recurrence of RCC which developed in a kidney with acquired 
renal cysts and was surgically removed by simple nephrectomy. Histological 
classification of the RCC was grade 2, granular cell subtype with tubulopapil- 
lary structure: pT2NOMOVO0. Recurrence, 10 years after nephrectomy, was 
recognized by biannual CT. Figure 6a, which was presented previously, shows 
a 4.5-cm RCC in the left kidney in a 31-year-old male who received hemodial- 
ysis for 15 years due to chronic glomerulonephritis. Left nephrectomy was 
performed in 1988. Figure 6b reveals a 1-cm cyst in the left retroperitoneum 
2 years later (in 1990) and a 1-cm solid mass in the cyst wall 7 years later (in 
1995; fig. 6c). He refused operation at this time. Nine years later (in 1997; fig. 
6d), the tumor and cyst had enlarged, and 10 years later (in 1998), surgery 
was performed. Pathology revealed acquired renal cystic disease; the mixed 
cell subtype and papillary pattern were the same as that 10 years before. 
Although no definitive evidence was found, dissemination (implantation) of 
tubular cells may have occurred from the original left kidney at the initial 
nephrectomy. It is not known whether tubular cells disseminating implanting 
from the original left kidney during surgery cause cystic change in vivo. Fur- 
thermore, whether simple nephrectomy is effective for low stages such as pT1 
and pT2 is unclear. 

In summary, the frequency of RCC in dialysis patients is high and the 
prevalence is 1.5%. This number increases by 4-fold in hemodialysis patients 
after more than 10 years. In Japan, questionnaire studies revealed a total of 
1,451 RCCs in dialysis patients. The incidence or diagnostic rate of RCC 
depends on the rate of screening to detect RCC because almost all of these 
patients (91%) reveal no symptoms. Generalized metastasis is observed in 
16% during mean follow-up of 1 year. Young male patients on long-term 
hemodialysis and enlarged kidneys due to acquired renal cysts are at risk of 
developing RCC. The high incidence of RCC in long-term dialysis patients 
results because the development of RCC is related to acquired cysts. The 
incidence and severity of acquired cysts increase in long-term dialysis patients. 
RCC in long-term hemodialysis patients is mainly RCC with acquired renal 
cystic disease in which the pathology is granular or the mixed cell subtype 
and tubular or the papillary structural type. These RCCs reveal numerous 
chromosomal changes. The development of RCC in long-term hemodialysis 
patients is related to cyst formation. Multistep progression from a renal cyst 
to atypical cyst, adenoma and finally RCC is presumed, although no direct 
evidence has been confirmed by molecular analysis. 
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TSC1 and TSC2 Genes as Tumor Suppressors 


Tuberous sclerosis (TSC) is one of the autosomal dominant systemic dis- 
orders associated with renal cell carcinoma (RCC). Cook et al. [1] reported that 
RCC was detected in 2.2% of TSC patients. TSC patients also develop seizures, 
mental retardation, and benign hamartomas such as renal angiomyolipoma 
(AML). As for the causative abnormality for TSC, the germline mutations of 
the TSCI or TSC2 genes have been identified by positional cloning [2, 3]. Muta- 
tions of the TSC/ or TSC2 genes contribute to each half of familial TSC cases. 
Loss of heterozygosity (LOH) at the TSC/ or TSC2 loci is detected in the TSC- 
associated RCC and hamartomas [4-7], suggesting the role of these genes as 
tumor suppressors. In rats, mutations of the Tsc2 gene, arat homologue of human 
TSC2, play a causative role in RCC. Biallelic mutations of the Tsc2 gene are 
found both in chemically induced RCC of the rat [8] and spontaneous RCC of 
the Eker rat which has a germline mutation of the Tsc2 gene [9]. Overexpression 
of the exogenous Tsc2 gene suppressed the neoplastic phenotype of rat RCC 
cells in vitro [10] and tumorigenicity in vivo [11]. Furthermore the transgene of 
the Tsc2 suppressed RCC of the Eker rat [12] and this finding presented solid 
evidence to prove that the 7sc2 functions as a tumor suppressor. As for the TSC] 
gene, a role as a tumor suppressor is also strongly suggested by the results of 
LOH analysis, but there is no molecular evidence to prove it at present. 


Structure and Expression of the TSC7 and TSC2 Genes 


The TSC/ and TSC2 genes are located in chromosomes 9q34 and 16p13.3, 
respectively. The 8.6-kb TSC/ transcript is widely expressed and is particularly 


abundant in skeletal muscle [2]. The protein product, hamartin, consists of 
1,164 amino acids with the calculated molecular mass being 130 kD. It has a 
single potential transmembrane domain near the N terminus and a coiled- 
coil region beginning at amino acid position 730 [2]. As for the TSC2 gene, 
the transcript is 5.5 kb in size, and the 180-kD protein product, tuberin, 
consisting of 1,784 amino acids, is widely expressed. According to Wienecke 
et al. [13], tuberin is highly expressed in the brain, heart and kidney, all of which 
are commonly affected in TSC patients. There is a leucine zipper consensus near 
the N terminus and a region of homology to the GTPase-activating protein 
(GAP) for Rap), which is a member of the superfamily of Ras-related proteins, 
near the C terminus [3]. The Drosophila homologs of TSC/ and TSC2 have 
recently been identified [14]. 


Proposed Functions of TSC7 and TSC2 Proteins 


The molecular mechanism by which the TSC2/Tsc2 gene functions as a 
tumor suppressor is not fully understood, but the relevant data have recently 
been accumulating. By using antisense oligonucleotides and Rat! fibroblasts, 
Soucek et al. [15] clearly demonstrated that inhibition of Tsc2 expression 
blocked the G0/G1 arrest caused by serum withdrawal and induced G1/S 
transition with the increase in cyclin D1 expression. Later, Soucek et al. [16], 
using the 7sc2-positive and -negative rat embryonic fibroblasts, reported that 
in 7Tsc2-negative cells the cyclin-dependent kinase (CDK) inhibitor p27 is 
mislocalized to the cytoplasm and degraded more rapidly than in 7sc2-positive 
cells. The molecular pathway leading to the abnormal processing of p27 in 
Tsc2-negative cells has not yet been determined, but their work provided strong 
evidence that the loss of Tsc2 function disrupts p27 function, induces CDK2 
activation, and accelerates the G1/S transition of the cells. Several other studies 
show that the TSC2 product has Rap] GAP activity, the dysfunction of 
which may lead to constitutive activation of Rap! [17], or Rab5 GAP activity- 
modulating endocytosis [18], or the transactivating domain [19] or the activity 
of regulating AP-1 in Eker rat RCC [20] or the activity to modulate transcrip- 
tion mediated by steroid hormone receptor family members [21]. The TSC/ 
gene was identified just one and a half years ago, and at present there is no 
report on the molecular function of the gene. Recently, van Slegtenhorst et 
al. [22] showed that the TSC/ product and TSC2 product associate physically 
in vivo and suggested that they function in the same complex rather than in 
separate pathways. Because TSC caused by a TSCZ mutation and that caused 
by a TSC2 mutation present similar phenotypes, it is likely that both genes 
are involved in an identical cellular pathway regulating the cell cycle. 
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TSC-Associated Renal Tumor 


Stillwell et al. [23] reported that renal lesions in TSC patients occur with 
a frequency of 54% (51/95) when detected clinically, and up to 100% (15/15) 
following postmortem examination [23]. Most TSC-associated lesions are AML 
and/or cysts, but RCC, oncocytoma, or leiomyosarcoma also occur in TSC pa- 
tients. The LOH of the TSCZ or TSC2 locus is confirmed in TSC-associated 
AML, and that of TSC2 is more frequently seen than that of the TSC/ [5-7]. 
RCC develops in 2.2% of TSC patients [1]. Bjornsson et al. [4] studied 6 TSC- 
associated RCC cases, and found LOH of the TSCZ locus (9q34) in 2 cases and 
that of TSC2 (16p13) in 1 case. Several differences between TSC-associated RCC 
and sporadic RCC are pointed out. Washecka and Hanna [24] reported that in 
16 TSC-associated RCC cases, 7 (43%) were seen in bilateral kidneys, in contrast 
to the incidence of bilaterality of 1.8-3.8% in sporadic RCC. In the same study, 
the median age of the patients was 28 years, 30 years younger than that of spor- 
adic RCC patients, and the male:female ratio was 3:16, with a reversal of that in 
sporadic RCC. Histologically, clear cell carcinoma was the most common cell 
type, but a tumor with high-grade sarcomatoid differentiation was also seen 
[4, 24]. Bjornsson et al. [4] showed that 4 of 6 TSC-associated RCC patients 
displayed strong immunoreactivity against HMB-45, a marker of melanocyte/ 
neural crest derivation. HMB-45 is known to be expressed in AML [25], but 
is negative in sporadic RCC. The HMB-45 positivity of TSC-associated RCC 
suggested that they may be related to AML [4]. Recently Pea et al. [26] suggested 
that TSC-associated RCC may be less common than previously estimated be- 
cause some malignant epithelioid AMLs have been interpreted as RCC, and that 
all reported RCC in TSC patients must be reevaluated (fig. 1). 


Involvement of the TSC7 and TSC2 Genes in Sporadic Renal Tumor 


The LOH of the TSC2 locus is also detected in sporadic AML [6], but there 
is no report about abnormalities of the TSCZ or TSC2 genes in human sporadic 
RCC. Currently the functional loss of the VHL gene is thought to play a primary 
role in human RCC. However, for the establishment of cancer cells, multiple gen- 
etic or epigenetic abnormalities are required, and genes other than the VHL gene 
may be involved in the progression of RCC. Therefore we studied the LOH of the 
TSC1 or TSC2, the rat homologue of which has been confirmed to function as 
the tumor suppressor for RCC, in sporadic human RCC cases. We obtained data 
showing that the LOH of the TSC/ or TSC2 genes was infrequent in sporadic 
RCC (mostly clear cell type), whereas 2 of 4 sporadic renal AML showed LOH 
of the TSC2 gene (manuscript in preparation). The absence of LOH does not 
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Fig. 1. Pathways of renal carcinogenesis. 


completely deny the involvement of abnormal TSC1/TSC2 in the process of hu- 
man renal carcinogenesis, but it is less likely that they play a major role. 


Cell Type-Specific, Species-Specific Tumorigenesis 


Renal AML arises as the result of two hit mutations of the TSC1/TSC2 
genes, and most AMLs havea benign course [27]. The question is why the abnor- 
mality of rat Tsc2 can cause RCC and that of human TSC2 can cause benign 
AML in the same organ. There is no clear answer but several possibilities must 
be considered. First, it is known that human cells are generally more resistent 
to neoplastic transformation than rodent cells [28]. Second, p27 seems to play 
important roles in Tsc2-associated cell cycle regulation. The exact function or 
processing of p27 and related molecules may be different in human and rodent 
cells. Third, the species-specific modifier factors which epigenetically regulate 
tumor formation, such as the Mom-1 [29, 30], may exist. Fourth, the cells in 
which the TSC2/Tsc2 mutation occurs may be different in humans and rats. 
Or by unknown mechanisms, mutation of the gene more preferentially gives 
proliferating ability to the renal tubular cell in the rat, and to component cells 
of AML (vessels, muscle, or fat cells) in the human. Fifth, despite the histological 
difference, both rat RCC and human AML behave very similarly from the biolo- 
gical point of view. They do not metastasize or invade the adjacent organs, and 
cannot kill the host unless massive hemorrhage due to rupture occurs. Therefore, 
both of them may have some common molecular features specific to TSC2/Tsc2 
abnormality, although their morphological appearance is quite different. Sixth, 
experimental rats, including the Eker rat, are in most cases inbred. It is possible 
that experimental rats may have an accelerating factor for cancerization as a 
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result of the pairing of an unknown recessive gene, which occurs very rarely in 
human cases. It should be interesting to mate the Eker rat with a wild, non- 
inbred rat and see if RCC appears in these rats or not. 

Actually, a difference in tumor development between the original Eker rats 
(LE/LE) and F1 hybrid rats (LE/BN) is observed [31; Kikuchi et al., manuscript 
in preparation]. The data indicates that there is a modifier gene(s) in the BN rat 
genome that suppress the growth of tumors. Identification of such a modifier 
gene(s) might help to understand the species specificity or tumorigenicity of not 
only the TSC2/Tsc2 mutation but also those of other tumor-suppressor genes. 


Acknowledgment 


This work was supported by the Organization for Pharmaceutical Safety and Research 
(OPSR). 


References 


1 Cook JA, Oliver K, Mueller RF, Sampson J: A cross sectional study of renal involvement in tuberous 
sclerosis. J Med Genet 1996;33:480-484. 

2 van Slegtenhorst M, de Hoogt R, Hermans C, Nellist M, Janssen B, Verhoef S, Lindhout D, van den 
Ouweland A, Halley D, Young J, Burley M, Jeremiah S, Woodward K, Nahmias J, Fox M, Ekong R, 
Osborne J, Wolfe J, Povey S, Snell RG, Cheadle JP, Jones AC, Tachataki M, Ravine D, Sampson JR, 
Reeve MP, Richardson P, Wilmer F, Munro C, Hawkins TL, Sepp T, Ali JBM, Ward S, Green AJ, Yates 
JRW, Kwiatkowska J, Henske EP, Short MP, Haines JH, Jozwiak S, Kwiatkowski DJ: Identification of 
the tuberous sclerosis gene TSC/ on chromosome 9q34. Science 1997;277:805-808. 

3 The European Chromosome 16 Tuberous Sclerosis Consortium: Identification and characterization 
of the tuberous sclerosis gene on chromosome 16. Cell 1993;75:1305-1315. 

4 Bjornsson J, Short MP, Kwiatkowski DJ, Henske EP: Tuberous sclerosis-associated renal cell carci- 
noma. Am J Pathol 1996;149:1201—1208. 

5 Green AJ, Johnson PH, Yates JRW: The tuberous sclerosis gene on chromosome 9q34 acts as a 
growth suppressor. Hum Mol Genet 1994;3:1833-1834. 

6 Henske EP, Neumann HPH, Scheithauer BW, Herbst EW, Short MP, Kwiatkowski DJ: Loss of hetoroz- 
ygosity in the tuberous sclerosis (TSC2) region of chromosome band 16p13 occurs in sporadic as well 
as TSC-associated renal angiomyolipomas. Genes Chromosomes Cancer 1995;13:295—298. 

7 Carbonara C, Longa L, Grosso E, Mazzucco G, Borrone C, Garre ML, Brisigotti M, Filippi G, 
Scabar A, Giannotti A, Falzoni P, Monga G, Garini G, Gabrielli M, Riegler P, Danesino C, 
Ruggieri M, Magro G, Migone N: Apparant preferential loss of heterozygosity at TSC2 over TSC1 
chromosomal region in tuberous sclerosis hamartomas. Genes Chromosomes Cancer 1996;15:18-25. 

8 Satake N, Urakami S, Hirayama Y, Izumi K, Hino O: Biallelic mutations of the Tsc2 gene in 
chemically induced rat renal carcinoma. Int J Cancer 1998;77:895-900. 

9 Kobayashi T, Urakami S, Hirayama Y, Yamamoto T, Nishizawa M, Takahara T, Kubo Y, Hino 
O: Intragenic Tsc2 somatic mutations as Knudson’s second hit in spontaneous and chemically 
induced renal carcinomas in the Eker rat model. Jpn J Cancer Res 1997;88:254—261. 

10  Orimoto K, Tsuchiya H, Kobayashi T, Matsuda T, Hino O: Suppression of the neoplastic phenotype 
by replacement of the Tsc2 gene in Eker rat renal carcinoma cells. Biochem Biophys Res Commun 
1996;219:70-75. 

11 Jin F, Wienecke R, Xiao GH, Maize JC Jr, DeClue JE, Yeung RS: Suppression of tumorigenicity 
by the wild-type tuberous sclerosis 2 (Tsc2) gene and its C-terminal region. Proc Natl Acad Sci 
USA 1996;93:9154-9159. 


TSCI and TSC2 Gene Mutations in Human Kidney Tumors 49 


12 


18 


19 


20 


21 


22 


26 


27 


28 


29 


30 


31 


Kobayashi T, Mitani H, Takahashi R, Hirabayashi M, Ueda M, Tamura H, Hino O: Transgenic 
rescue from embryonic lethalty and renal carcinogenesis in the Eker rat model by introduction of 
a wild-type Tsc2 gene. Proc Natl Acad Sci USA 1997;94:3990-3993. 

Wienecke R, Maize JC Jr, Reed JA, de Gunzburg J, Yeung RS, DeClue JE: Expression of the TSC2 
product tuberin and its target Rap) in normal human tissues. Am J Pathol 1997;150:43-S0. 

Ito N, Rubin GM: Gigas, a Drosophila homolog of tuberous sclerosis gene product-2, regulates 
the cell cycle. Cell 1999;96:529-539. 

Soucek T, Pusch O, Wienecke, DeClue JE, Hengstschlager M: Role of the tuberous sclerosis gene- 
2 product in cell cycle control. J Biol Chem 1997;272:29301—29308. 

Soucek T, Yeung RS, Hengstschlager M: Inactivation of the cyclin-dependent kinase inhibitor p27 
upon loss of the tuberous sclerosis complex gene-2. Proc Natl Acad Sci USA 1998;95:15653-15658. 
Wienecke R, Konig A, DeClue JE: Identification of tuberin, the tuberous sclerosis-2 product. J Biol 
Chem 1995;270:16409-16414. 

Xiao G-H, Shoarinejad F, Jin F, Golemis EA, Yeung R: The tuberous sclerosis 2 gene product, 
tuberin, functions as a Rab5 GTPase activating proten (GAP) in modulating endocytosis. J Biol 
Chem 1997;272:6097-6100. 

Tsuchiya H, Orimoto K, Kobayashi T, Hino O: Presence of potent transcriptional activation domains in 
the predisposing tuberous sclerosis ( Tsc2) gene product of the Eker rat model. Cancer Res 1996;56:429-433. 
Urakami S, Tsuchiya H, Orimoto K, Kobayashi T, Igawa M, Hino O: Overexpression of members 
of the AP-1 transcriptional factor family from an early stage of renal carcinogenesis and inhibition 
of cell growth by AP-1 gene antisense oligonucleotides in the Tac? gene mutant (Eker) rat model. 
Biochem Biophys Res Commun 1996;241:24-30. 

Henry KW, Yuan X, Koszewski NJ, Onda H, Kwiatkowski DJ, Noonan DJ: Tuberous sclerosis 
gene 2 product modulated transcription mediated by steroid hormone receptor family members. 
J Biol Chem 1998;273:20535-20539. 

van Slegtenhorst, Nellist M, Nagelkerken B, Cheadle J, Snell R, van den Ouweland A, Reuser A, 
Sampson J, Halley D, van der Sluijs P: Interaction between hamartin and tuberin, the TSC1 and 
TSC2 gene products. Hum Mol Genet 1998;7:1053-1057. 

Stillwell TJ, Gomez MR, Kelalis PP: Renal lesions in tuberous sclerosis. J Urol 1987;138:477-481. 
Washecka R, Hanna M: Malignant renal tumors in tuberous sclerosis. Urology 1991;37:340-343. 
Pea M, Bonetti F, Zamboni G, Martignoni G, Riva M, Colombari R, Mombello A, Bonzanini 
M, Scarpa A, Ghimenton C, Donati LF: Melanocyte-marker-HMB-45 is regularly expressed in 
angiomyolipoma of the kidney. Pathology 1991;23:185-188. 

Pea M, Bonetti F, Martignoni G, Henske EP, Manfrin E, Colato C, Bernstein J: Apparant renal 
cell carcinoma in tuberous sclerosis are heterogeneous: The indication of malignant epithelioid 
angiomyolipoma. Am J Surg Pathol 1998;22:180-187. 

Zimmerhackl LB, Rehm M, Kaufmehl K, Kurlemann G, Brandis M: Renal involvement in tuberous 
sclerosis complex: A retrospective survey. Pediatr Nephrol 1994;8:451—457. 

Holliday R: Neoplastic transformation: The contrasting stability of human and mouse cells; in 
Lindahl T (ed): Genetic Instability in Cancer. New York, Cold Spring Harbor Laboratory Press, 
1996, pp 103-115. 

Dietrucg WF, Lander ES, Smith JS, Moser AR, Gould KA, Luoungo C, Borenstein N, Dove W: 
Genetic dentification of Mom-J, a major modifier locus affecting Min-induced intestinal neoplasia 
in the mouse. Cell 1993;75:631-639. 

MacPhee M, Chepenik KP, Liddell RA, Nelson KK, Siracusa LD, Buchberg AM: The secretory 
phospholipase A2 gene is a candidate for the Mom! locus, a major modifier of Apc“””-induced 
intestinal neoplasia. Cell 1995;81:957-966. 

Hino O, Satake N, Kobayashi T, Kajino K: Carcinogenesis in tuberous sclerosis. Gann Monogr 
Cancer Res 1999;46:101-111. 


Okio Hino, MD, PhD, Department of Experimental Pathology, Cancer Institute, 
1-37-1, Kami-Ikebukuro, Toshima-ku, Tokyo 170-8455 (Japan) 
Tel./Fax +81 3 5394 3815, E-Mail ohino@ims.u-tokyo.ac.jp 


Kajino/Hino 50 


Hino O (ed): Kidney Cancer. Recent Results of Basic and Clinical Research. 
Contrib Nephrol. Basel, Karger, 1999, vol 128, pp 51-61 


Seeeeeeeeeeeeeeeeeeeeeeeeeee 


Classification of Renal Cell Cancer 
Based on (Cyto)genetic Analysis 


Eva van den Berg, Trijnie Dijkhuizen 


Department of Medical Genetics, University of Groningen, The Netherlands 


Introduction 


Renal cell cancer (RCC) is a heterogeneous group of tumors and represents 
85% of all primary renal neoplasms in adults, effecting males twice as often 
as females. The overall incidence increases with each decade of life, showing 
a peak in the sixth decade [1, 2]. In rare instances, RCC also affects children 
and young adults [3-5]. There is no clear geographical or ethnic preference, 
although there is a higher incidence in Scandinavia and the United States [3]. 
An increased incidence of RCC has been described in patients with end- 
stage renal disease or patients with acquired cystic kidney disease [6-8]. Also, 
environmental factors like smoking, obesity and occupational exposure in- 
crease the risk of RCC [9]. RCCs are often quite large at detection and already 
have metastasized. At present there is no effective therapy for metastatic RCC 
and patients with irresectable disease have a poor prognosis [2, 3]. 

Clinicopathologically, RCC consists of a number of histologically defined 
entities which may occur either nonhereditarily or hereditarily. This heteroge- 
neity is a well-known complicating factor in the diagnosis. The histogenesis 
of RCC has been controversial for a long time, especially in terms of the thesis 
originally expressed by Virchow and advocated by Grawitz [10] that certain 
clear cell epithelial renal tumors are derived from ectopic adrenocortical ele- 
ments. This has led to the term ‘hypernephroma’ or Grawitz tumor. Nowadays, 
there is evidence that the usual (nonembryonic) RCC in all its variants derives, 
in principle, from the mature uriniferous tubule. This is based also on animal 
experiments and observation of pre-stages and early stages of epithelial renal 
tumors in human kidneys [11, 12]. 


Morphologic Histologic Classification of Renal Cell 


The aim of a histopathological classification to identify biologically dis- 
tinct groups of RCC is, on the basis of morphological criteria, the recognition 
of which are of clinical value [13]. 

Currently several morphological classifications are used: one according 
to the WHO/AFIP [12] and one according to Störkel et al. [14] (modification 
of the Mainz classification [15, 16], as well as the Heidelberg classification by 
Kovacs et al. [17]). As stated in the latter two, eight different subtypes of RCC 
can be distinguished, related to the basic cell types of the nephron from which 
they are derived and in line with the genetic facts as presently understood: 
(1) metanephric adenoma and metanephric adenofibroma; (2) papillary ade- 
noma, and (3) renal oncocytoma. All three are benign parenchymal neoplasms. 
Malignant parenchymal neoplasms are: (4) common or conventional (clear 
cell) renal carcinoma; (5) papillary (formerly chromophilic or tubulopapillary) 
renal carcinoma; (6) chromophobe renal carcinoma; (7) collecting duct carci- 
noma, and (8) renal cell carcinoma, unclassified. These types show pheno- 
typical/histogenetical relations to different parts of cell types, respectively, of 
the nephron collecting duct system [14, 17]. 


(Molecular) Cytogenetic and Morphologic Correlations 


Cytogenetics allow the classification of tumors with respect to their geno- 
typic differences. Figure 1 summarizes and correlates both morphology and 
cytogenetic data with respect to histogenetic aspects of most of the basic tumor 
subtypes mentioned above. 

Metanephric adenoma or adenofibroma are not included in figure 1 be- 
cause of the limited data available: a study of 11 cases by fluorescent in situ 
hybridization identified gain of chromosomes 7 and 17 with Y chromosome 
loss suggesting a relationship with papillary renal cell adenomas and carcino- 
mas [18]. The only cytogenetic study reported so far revealed a normal karyo- 
type [19]. 

Most papillary renal adenomas and carcinomas are characterized by a 
unique combination of autosomal trisomies with trisomy 17 as the most 
frequent finding. Papillary adenomas specifically show a—Y, +7, + 17 chromo- 
somal pattern as well as trisomy 3 or gain of the long arm of chromosome 3 
[20-26], although the latter finding probably reflects malignant transformation 
[21]. The high incidence of loss of the Y chromosome combined with the 
strong male preponderance suggests that loss of specific sequences harbored 
on the Y chromosome probably are important for developing this subtype. 
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Fig. 1. Revised proposed oncogenetic model for renal cell cancer. 


Also, the incidence of trisomy 7 is substantially higher than observed in 
apparently normal kidney tissue and therefore considered an essential step in 
the oncogenesis of papillary tumors [25, 26]. 

Trisomy of chromosomes 12, 16, 20 is associated with progression from 
the adenoma into the carcinoma stage, i.e. papillary renal cell carcinomas 
[25-29]. No mutations of p53 have been observed in this subtype, suggesting 
that the p53 gene most likely does not play an important role [26]. Palmedo 
et al. [25, 30] reported allelic duplications of 7q31—33, 17q12—22, 16q24—qter, 
12q12-14, 8p21, 3q22—24, at 20q11.2 and 20q13.2 by microsatellite analysis. 
The latter finding probably marking new tumor genes in papillary renal carci- 
noma. The MET proto-oncogene, assigned to 7q31 and that encodes the 
receptor for hepatocyte growth factor/scatter factor implicated in the prolifera- 
tion and invasiveness, is also involved in germline and somatic mutations in 
papillary renal tumors [31-33]. Cytogenetically, no differences are observed 
between hereditary tumors (usually presenting as multiple/bilateral tumors, 
and especially in familiar cases characterized by an early age of onset) and 
sporadic papillary tumors [3]. 

A small subset of papillary RCC is characterized by X; 1 autosome 
translocations [34]. The t(X; 1)(p11.2; q21) appears to be a specific primary 
anomaly, suggesting that tumors with this translocation form a distinct sub- 
group of papillary RCCs, showing clear cell cytoplasma. These tumors occur 
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in young adults and children, preferentially in male patients although female 
cases have recently been described [4, 35-42]. The genes involved in the 
t(X; 1)(p11.2; q21) have been cloned [43, 44] and it has been shown that the 
translocation results in a fusion of the transcription factor TFE3 on the X 
chromosome, with a novel gene, designated PRCC, on chromosome | [45, 46]. 

The most frequent finding in common type renal carcinoma is loss of 
sequences of the short arm of chromosome 3 due to a deletion or unbalanced 
translocation [24, 29, 47-49]. In the dominantly inherited von Hippel-Lindau 
(VHL) cancer syndrome the VHL gene, assigned to 3p25, is mutated in the 
germ line and in renal cell tumors of affected family members [50]. This gene 
seems also to play a role in the development of the sporadic forms, probably 
in combintion with other gene(s) [51-54]. Other regions at 3p frequently found 
to be lost are 3p12—14 and 3p21. Moreover, van den Berg et al. [55, 56] showed 
that loss of at least two of the regions mentioned above are necessary for 
kidney cells to develop into common type renal cell carcinoma, and loss of 
3p21 is obligatory (3p=; fig. 1). Tumors showing only one deletion at 3p 
(3p-; fig. 1), either 3p14 or 3p25, should be designated common type renal 
cell adenomas. The possible role of the fragile histidine trial (FHIT) gene, 
assigned to 3p14 is a matter of debate [56-59]. Also a candidate gene, nonpapil- 
lary renal cell carcinoma 1 (NRC-1) has been identified and mapped with 
3p12 [60]. 

In familial cases with a constitutional balanced translocation involving 
3p, the distal 3p segment is consistently lost in tumor tissue [3, 61]. Involvement 
of the long arm (3q) has also been described in sporadic and hereditary cases 
(23, 62, 63]. 

Also a (partial) trisomy of chromosome 5, especially the 5q22-qter segment 
[64], is frequently found in common RCC as well as trisomy 12 and 20, loss 
of chromosomes 8, 9, 13q, 14q, and structural abnormalities of the long arm 
of chromosomes 6 and 10 [29, 49, 53, 65-70]. 

Renal oncocytoma is characterized by mitochondrial DNA changes [71], 
a feature shared with the chromophobe renal cell carcinoma. Several subsets 
can be distinguished: one with mixed populations of normal and abnormal 
karyotypes without any cytogenetic similarity (yet); one specifically defined 
numerical anomalies, in particular loss of chromosomes 1 and Y/X [72-74], 
and a group defined by (variant) translocations involving 11q13 [75-77]. Re- 
cently Sinke et al. [78] mapped this oncocytoma specific 11q13 breakpoint 
between D11S433/D11S146 and the BCL 1 locus. 

Loss of chromosomes | (in particular loss of 1p) and loss of Y/X probably 
results in loss of tumor suppressor gene(s) responsible for this subset of renal 
oncocytomas [74, 79, 80]. Also, loss of chromosome 14q has been described 
(74, 80]. 
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Since loss of Y/X and 1 has also been observed in chromophobe renal cell 
carcinoma, oncocytomas showing —Y/—X,—1 might progress to chromophobe 
renal cell carcinomas through additional chromosome losses (fig. 1) [76], also 
explaining their occasionally malignant behavior. 

Chromophobe renal carcinomas show multiple losses of entire chromo- 
somes, i.e. loss of chromosomes 1, 2, 6, 10, 13, 17, 21, and the Y or X 
chromosome, leading to a low chromosome number. They also show quantita- 
tive as well as qualitative changes in mitochondrial DNA [73, 81-89]. 

Reported cytogenetic data from collecting duct carcinomas did not reveal 
consistent findings: monosomy 1, 6, 14, 15, and 22 in one case [90] and 
trisomies 7, 12, 16, 17, and 20 in the other [91]. Schönberg et al. [92] reported 
involvement of the short arm of chromosome 8 related to poor prognosis and 
loss of the long arm of chromosome 13, both in 3 of 6 cases. Loss of the long 
arm of chromosome 1, region 1q32.1—q32.2, appeared to be a consistent 
finding in collecting duct carcinoma [93]. 


(Molecular) Cytogenetics and Tumor Progression 


Common and papillary RCCs (both derived from the proximal or distal 
tubule) share a number of secondary karyotypic changes: loss of 6q, 9, 11, 
14q, 17p, and gain of chomosomes 12 and 20 associated with tumor progression 
[29, 49, 94]. This suggests that many of the tumor suppressor loci involved may 
be common to the etiology of both forms [95]. Sarcomatoid transformation in 
RCC represents the highest form of dedifferentiation [14, 17]. Sarcomatoid 
variants of RCC can in principle be derived from all the basic cell types. 
Cytogenetic data on sarcomatoid RCC are scarce. Grammatico et al. [96] 
reported a sole case of pleuric effusion of sarcomatoid RCC with structural 
abnormalities of chromosomes 1, 5, 16, and 19, and we [97] found losses of 
3p, 4(q), 6q, 8p, 9, 13, 14, 17p, and gain of 5, 12, and 20. Jiang et al. [98] 
reported gains of chromosomes 17 and 8q as well as losses of 13q, and 4q. 
We and others have found a relation between p53 mutations and sarcomatoid 
RCC [97, 99]. 


Cytogenetics Associated with Normal Kidney Tissue 


Increasing evidence exists on the presence of clonal, mostly numerical, 
chromosomal changes in apparently normal kidney tissue from patients with 
a normal constitutional karyotype [100-104] like trisomy 5, 7, 8, 10, 18, and 
loss of the Y chromosome. 
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These changes are not an in vitro artefact and are independent of the 
length of cell culture [100]. Trisomy 7 and 10 and loss of the Y chromosome 
are also observed in renal cell tumors, raising the question whether these cells 
in the kidney have some inherent propensity for neoplasic transformation. 
Trisomy 7 has been proposed to represent the first oncogenetic step in the 
development of renal cancer. However, several tumors genetically revealing 
3p deletions, do not exhibit trisomy 7. It has been shown that approximately 
10% of kidney cells have trisomy 7 and neoplastic transformation occurs at 
similar frequencies in cells with and without trisomy 7 [105]. The presence of 
clonal and nonclonal aberrations in apparently normal kidney tissue merely 
indicates a chromosome instability pattern or mosaicism, and this condition 
should not be considered as strictly neoplastic. 


Conclusion 


Renal cell cancers are epithelial neoplasms that demonstrate a diversity 
of morphologic characteristics and clinical manifestations. Different subtypes 
of renal cell carcinoma might originate from cells of the different parts of the 
renal tubule. Taken together, cytogenetic and molecular genetic studies of 
recent years have demonstrated that certain specific chromosomal abnormali- 
ties correlate with different histological subtypes of RCC and could have 
diagnostic and prognostic consequences [70, 106, 107]. At the (cyto)genetic 
level, a (revised) proposed oncogenetic model for RCC is depicted in figure 1. 

Thus, (cyto)genetic studies of renal adenomas, various subtypes of carci- 
nomas and oncocytomas, will contribute to a better understanding of the 
biology of these tumors, and reveal key information on the process of tumori- 
genesis and tumor behavior. 
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Introduction 


Wilms’ tumor or nephroblastoma is a childhood kidney tumor that is 
thought to arise from cells of the metanephric blastema, a fetal kidney struc- 
ture. The occurrence of both sporadic and hereditary forms, along with various 
congenital abnormalities of Wilms’ tumor, suggests that the tumors develop 
when a predisposing germ line mutation is accompanied by a second mutation. 
The existence of both gross chromosomal abnormalities has led to the genetic 
characterization of a number of loci involved in the development of Wilms’ 
tumor. A tumor-suppressor gene for Wilms’ tumor, WT7/, has recently been 
isolated from the distal 11p13 region. The product of this gene is a transcription 
factor with four zinc fingers. Because expression of WII is limited to the 
developing glomeruli of the kidneys and the genital ridge, it is thought to 
have a functional role in renal and gonadal organogenesis. Thus dysfunction 
of WTI causes loss of normal regulation of proliferation and leads to tumor 
formation and occurrence of Wilms’ tumor anomaly complexes. In this paper, 
recent topics related to the WTI gene and Wilms’ tumor are discussed. 


Wilms’ Tumor 


Wilms’ tumor is derived from the metanephric blastema. During human 
nephrogenesis, the metanephric blastema differentiates into glomeruli and 
proximal and distal tubules with strong induction by the ureteric buds before 
30 weeks of gestation, and tumorigenesis may occur during this process of 
differentiation into glomeruli and renal tubules. The tumor tissue, therefore, 
mimics the developing renal cortex [1]. Tumor blastema can differentiate into 


Fig. 1. Histology of nephroblastic Wilms’ tumor. Note immature blastemal, epithelial 
and striated muscle components. HE. 


epithelial cells and into mesenchymal cells, such as striated muscle cells, smooth 
muscle cells and cartilagenous tissue. Thus the histological features of Wilms’ 
tumors are composed of epithelial and mesenchymal components as well as 
immature blastemal cells. Such tumors are also termed ‘classical’ or ‘nephro- 
blastic’ Wilms’ tumors (fig. 1, 2). 

A variety of congenital malformations occur in association with Wilms’ 
tumor, and they are closely related to the pattern of chromosomal abnormali- 
ties [2]. Aniridia and hypospadia are abnormalities associated with deletions 
at 11p13 [3, 4]. Wilms’ tumor anomaly complex syndrome, such as Wilms’ 
tumor-anidiria-genitourinary-anomaly syndrome which consists of aniridia, 
genitourinary malformations, mental retardation and Denys-Drash syndrome, 
is characterized by progressive renal failure, Wilms’ tumor and abnormal sex 
differentiation due to XY gonadal dysgenesis, and is also associated with 
deletion of 11p13 [5]. Hemihypertrophy and Beckwith-Wiedemann syndrome 
are Wilms’ tumor anomaly complex syndromes associated with abnormalities 
at 11p15 [6]. Macroglossia, hemihypertrophy, umbilical hernia, and adrenal 
gland cytomegaly are also observed in this syndrome [7-9]. Approximately 
10% of patients with this syndrome also have malignant embryonic tumors 
such as hepatoblastomas and Wilms’ tumors [10-14]. 
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Fig. 2. Histology of nephroblastic Wilms’ tumor. Tumor tissue mimics glomerular 
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Fig. 3. Structure of WTI gene. Zf=Zinc finger domain; KTS = lysine, threonine, serine. 
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Fig. 4. Developing human renal cortex (4th gestational week). a HE. b WTI immuno- 
stainining. Developing podocytes are positive for WTI protein. 


Structure and Functions of the WT 7 Gene 


In 1990, the WTI tumor-suppressor gene, which is responsible for the 
development of Wilms’ tumor, was cloned from the distal part of 11p13 [15,16]. 
The WTI gene contains 10 exons and encodes a transcription factor contain- 
ing four Cys,-His, zinc fingers and a proline/glutamine-rich amino ter- 
minus (fig. 3). These zinc finger domains bind a specific DNA sequence 
(-GCGGGGGCG-) [17]. WT1 proteins have been shown to regulate the expres- 
sion of early growth response factor-1, insulin-like growth factor-2 (IGF-2), 
IGF-2 receptor, platelet-derived growth factor-A and Pax-2 at the transcrip- 
tional level [18-21]. There are four WT1 protein isoforms resulting from two 
alternative splicing sites. The first site involves the presence or absence of 17 
amino acids encoded by exon 5, while the second involves inclusion or exclusion 
of three amino acids, lysine, threonine and serine (KTS), between the third 
and fourth zinc finger domains. WTI] is only expressed in a limited range of 
tissues such as the fetal kidneys, especially in developing glomerular podocytes 
(fig. 4) [22-24]. It is also stage-specifically expressed in the genital ridge (fig. 5), 
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Fig. 5. Human genital ridges (4th gestational week). a HE. G=Genital ridge; 
M=mesonephros. b WTI immunostaining. Genital ridge is positive for WTI protein. 


which is the anlage of the stromal cells of the testes and ovaries, and in 
mesothelial cells, the spleen and leukemic cells [25, 26]. Targeted mutation of 
WTI led to apoptosis in the metanephric blastemal cells of fetuses and failure 
of the kidney to develop [23]. It also led to atrophy of the genital ridge, the 
anlage of gonadal stromal cells. Of these stromal cells, the Sertoli cells observed 
in seminiferous tubuli of fetal and adult testes are believed to be essential for the 
development of male internal and external sex organs through the activation of 
the sex-determining gene SRY on the Y chromosome. These findings suggested 
that WTI plays an important role in the development of kidneys and male 
genital organs, and sex differentiation. 

There are some Wilms’ tumor anomaly complexes such as Denys-Drash 
syndrome consisting of Wilms’ tumor, congenital nephropathy caused by 
diffuse mesangeal sclerosis, and XY gonadal dysgenesis [27]. Patients with 
Denys-Drash syndrome almost always carry point mutation in the zinc finger 
regions of WTI [28]. Based upon these findings, WTZ is thought to play a 
crucial role in the development of the kidney and male sex organs. Accordingly, 
dysfunction of the gene leads to both Wilms’ tumor development and urogen- 
ital abnormalities. 
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WITT Abnormalities and Wilms’ Tumor Development 


The frequency of WTI mutations in sporadic Wilms’ tumor is said to be 
approximately 15% [29, 30]. We detected 5 cases with genomic deletion in 60 
Wilms’ tumor cases by Southern blot analysis [31]. In addition, we detected 
another 6 cases of WTI gene mutation by direct sequencing of PCR products 
(unpubl. data). The range of the mutations extended to almost all exons 
including point mutations associated with nonsense mutations in exons 8 and 
9, which are the zinc finger domains, and insertion of 46 basepairs resulting 
in loss of the stop codon (unpubl. data) [32, 33]. These mutations were more 
diverse than those associated with Wilms’ tumor anomaly complexes, as de- 
scribed later. However, the low frequency of WT/ mutations in sporadic Wilms’ 
tumor suggests that other genes located in the 11p15 region, such as H19 and 
IGF2, may also play a role in tumor development [34-38]. 


WT 7 Gene Abnormalities in Wilms’ Tumor Anomaly 
Complex Syndromes 


In contrast to sporadic Wilms’ tumor, the W77 gene has been shown to 
be responsible for Denys-Drash syndrome [39]. This syndrome is characterized 
by early onset and progressive renal failure due to diffuse mesangial sclerosis, 
Wilms’ tumors and XY gonadal dysgenesis (female external genitalia and 
streak gonads despite a 46,XY karyotype). These genital abnormalities are 
thought to be due to dysfunction of WTI gene expressed in the stromal cell 
of the genital ridge. WTI gene dysfunction may lead to maldeveloped Sertoli 
cells resulting in a functional deficiency in the Mullerian duct inhibitory factor, 
which plays a crucial role in development of male sex organs and in incomplete 
masculinization (XY female). Pelletier et al. [40] postulated that when a point 
mutation in the zinc finger domain of WTI occurred in one allele at the 
somatic cell (germ line) level, it caused nephropathy and intersex abnormalities 
by dominant negative effects, and that when it occurred in both alleles in the 
kidney, it caused Wilms’ tumor and induced the same syndrome. Almost all 
reported cases of Denys-Drash syndrome had point mutations within zinc 
finger regions [41]. 

We identified point mutations in the zinc finger regions in all 11 cases 
clinically diagnosed as Denys-Drash syndrome (table 1). Analysis of the HI) 
gene from 11 patients that we examined was carried out by direct sequencing 
of PCR products of exons 7-10 which encode zinc finger domains. Point 
mutations of the WTI gene involving one allele were recognized in all patients. 
Four of the mutations were in exons and five were in introns (table 2). Because 
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Table 1. Clinical diagnosis of Drash syndrome 


Case Age Nephropathy Histology Karyotype Tumor 
No. years (age at dialysis) external/internal 
genitalia 
E-1 1 RF FGS 46,XX Wilms’ tumor 
(l year) normal 
E-2 2 RF FGS 46,XY No 
(2 years) female/streak gonads 
E-3 5 RF 46,XX Wilms’ tumor 
(1 month) normal 
E-4 7 RF DMS 46,XY No 
(l year) female 
Li 18 NS FGS 46,XY No 
female/streak gonads 
1-2? 18 NS FGS 46,XY No 
female/streak gonads 
Lä 19 RF FGS 46,XY No 
(16 years) female/streak gonads 
1-4 3 Proteinuria 46,XY No 
female 
I-5 26 RF FGS 46,XY No 
(23 years) female/streak gonads 
1-6 19 RF FGSG 46,XY No 
(12 years) female 
1-7 15 RF 46,XY No 
(8 years) female 


E=Exonic mutation cases; I=intronic mutation cases; NS = nephrotic syndrome; RF = 
renal failure. 
* Cases I-1 and 2 are identical twins. 


the intron mutations were suspected to lead to abnormal splicing, we used a 
WTI minigene for confirmation. Four representative minigene inserts, one 
normal and three intron mutations detected in the patients, were made and 
inserted into an expression vector. COS-7 cells were transfected with these 
constructs and the transcripts were then analyzed by RT-PCR. Interestingly, 
only one amplified product that corresponded to the transcript without nine 
nucleotides was obtained from the mutant minigenes, whereas two products 
(with or without nine bases) were obtained from the normal constructs (fig. 6). 
The intron mutations affecting alternative splicing between exons 9 and 10 
prevent production of the transcripts with nine nucleotides. This minigene 
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Table 2. WTI mutations in Drash syndrome 


Case WTI mutation 
No. i : ; 
S exon/intron DNA amino acid 
E-1 exon 8 CAGTATGAC *SThr—*°Cys 
(1064) Q 
CAGTGTGAC 
E-2 exon 9 CAGCGTAAA 385A rg *5Cys 
(1154) Q 
CAGTGTAAA 
E-3 exon 8 TTTCATTCA His“ Arg 
(1097) Q 
TTTCGTTCA 
E-4 exon 7 CAGAGGCAC Arge Met 
(1025) Q 
CAGATGCAC 
I-1, 2,3 intron 9 gtgtg Disruption of 
(+4) a alternative splicing 
gtgcg 
LA intron 9 gtgct Disruption of 
(+5) a alternative splicing 
gtgcg 
1-5, 7 intron 9 gcgcg Disruption of 
(+2) û alternative splicing 
gtgcg 
1-6 intron 9 gtgca Disruption of 
(+5) a alternative splicing 
gtgcg 


assay provided in vitro confirmation that all of these mutations affect post- 
transcriptional processing of RNA, preventing production of the splicing 
variant with 9 bases. This suggested that imbalance of the alternative splicing 
isoforms of WTI is involved in the pathogenesis of the symptoms in these 
patients. 

When we carefully reexamined the clinical features of patients with intronic 
mutations, these were highly consistent with those of Frasier syndrome, pro- 
posed by Moorthy et al. [42] to be related to, but distinct from Denys-Drash 
syndrome. The onset of nephropathy is very early in Denys-Drash syndrome, 
usually in the first year of life, progressing to end-stage renal failure by 3 years 
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Fig. o RT-PCR products from COS-7 cells transfected with WT/ minigenes. The 87- 
bp size band corresponding to product containing +KTS was detected only in the normal 
minigene. M-1, 2, 3=Products from mutated WTI constructs; C=product from normal 
WTI construct; M-1=intron +4c to t(I-l, 2, 3); M-2=+5g to t(I-4); M-3=t to c(I-5). 
From Kikuchi et al. [41]. 


of age. In Frasier syndrome, renal histology reveals features of focal glomerular 
sclerosis. The onset of nephropathy is at 4 years or older and the clinical 
course is slowly progressive, requiring at least 2 years to reach end-stage renal 
failure. On the other hand, patients with intronic mutations had uniform genital 
systems. Their external genitalia were female despite a 46,X Y karyotype. None 
of our patients or those reported to have intron 9 splicing donor site mutations 
developed Wilms’ tumor. This is in contrast to an incidence of Wilms’ tumor 
of 55% among patients with Denys-Drash syndrome. This absence of Wilms’ 
tumor development is one of the major criteria for Frasier syndrome. In our 
study, all of the patients with intronic mutations were 46,XY female, although 
the same mutations can be theoretically expected to occur in cases with a 46,XX 
karyotype as well. This is probably because in 46,XX karyotypic patients the 
diagnosis of Denys-Drash (or Frasier) syndrome is very often difficult as the 
malformations observed in the external genitalia are usually mild in these 
cases. 

In summary, patients with mutations of the WTI gene intron 9 splicing 
donor site showed characteristics which were entirely consistent with Frasier 
syndrome. In terms of pathogenesis, both Denys-Drash syndrome and Frasier 
syndrome are caused by specific mutations of the same gene, WII If the 
mutations occur in particular exon regions, the outcome is Denys-Drash syn- 
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Point mutation of WT7 Zinc Finger Region 
Exon Intron 
| (splicing donor site) 
Dysfunction of Imbalance of 
transcription factors +KTS/-KTS 
Drash Frasier 
Progressive Nephropathy Less progressive 
Abnormal sex 
(+) differentiation (+) 
(+) Wilms’ tumor (-) 


Fig. 7. Molecular pathogenesis of Drash and Frasier syndrome. 


drome, while mutations in the splicing donor site of intron 9 cause a series of 
common abnormalities defined as Frasier syndrome (fig. 7). These findings also 
suggest a molecular mechanism for the effect of splicing donor site mutations of 
WTI intron 9. In patients with Denys-Drash syndrome specific alterations of 
the WTI gene produce dominant-negative proteins, resulting in inactivation 
of the product from the normal allele. In contrast, only normal products are 
present in patients with intron mutations. A normal quantity of WTI isoforms 
without KTS is produced, but the quantity of isoforms with KTS is insufficient 
due to the intron mutations. Consequently, an imbalance in the ratio of +KTS/ 
— KTS isoforms, presumably half normal versus normal, is thought to produce 
the characteristic clinical picture known as Frasier syndrome [41, 43]. 

A recent study of the subnuclear localization of these WTI isoforms 
revealed different localization. The + KTS WTI proteins are localized mainly 
with splicing factors and appear to be involved in post-transcriptional RNA 
processing. While — KTS forms are found in the transcriptional factor domains 
and are thus likely to bind DNA [44]. Therefore, it is possible that WTI 
proteins produced by alternative splicing of exon 9 have different functions in 
the development of different organs and in tumorigenesis, and that this differ- 
ence might explain the characteristic features of Frasier syndrome. Since the 
—KTS isoforms usually bind to genes related to growth with higher affinity, 
loss of the functions of these isoforms may be more closely related to the 
development of Wilms’ tumor. Both +KTS and —KTS may be necessary for 
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renal organogenesis, and +KTS isoforms appear to play a key role in the 
development of gonadal tissues. Confirmation of this hypothesis requires fur- 
ther study of the precise functions of both WTZ alternative splicing products, 
especially in developing kidneys and gonads. At the same time, identification 
of WTI mutations is also useful in predicting the outcome of intractable 
nephropathy and the development of Wilms’ tumor. 


11 


12 


14 


15 


16 


17 


18 


19 


References 


Beckwith JB, Kiviat NB, Bonadio JF: Nephrogenic rests, nephroblastomatosis, and the pathogenesis 
of Wilms’ tumor. Pediatr Pathol 1990;10:1—36. 

Green DM, Breslow NE, Beckwith JB, Norkool P: Screening of children with hemihypertrophy, 
aniridia, and Beckwith-Wiedemann syndrome in patients with Wilms tumor: A report from the 
National Wilms Tumor Study. Med Pediatr Oncol 1993;21:188-192. 

Slater RM, Mannens MM: Cytogenetics and molecular genetics of Wilms’ tumor of childhood. 
Cancer Genet Cytogenet 1992;61:111-121. 

Newsham I, Cavenee W: Tumors and developmental anomalies associated with Wilms’ tumor. Med 
Pediatr Oncol 1993;21:199-204. 

Craft AW, Parker L, Stiller C, Cole M: Screening for Wilms’ tumour in patients with aniridia, 
Beckwith syndrome, or hemihypertrophy. Med Pediatr Oncol 1995;24:231-234. 

Feinberg AP: Multiple genetic abnormalities of 11p15 in Wilms’ tumor. Med Pediatr Oncol 1996; 
27:484-489. 

Eaton AP, Maurer WF: The Beckwith-Wiedemann syndrome. Am J Dis Child 1971;122:520-525. 
Elliott M, Maher ER: Beckwith-Wiedemann syndrome. J Med Genet 1994;31:560-564. 
Engstrom W, Lindham S, Schofield P: Wiedemann-Beckwith syndrome. Eur J Pediatr 1988;147: 
450-457. 

Sotelo-Avila C, Gooch WMD: Neoplasms associated with the Beckwith-Wiedemann syndrome. 
Perspect Pediatr Pathol 1976;3:255-272. 

Hecht F, Sandberg AA: Wiedemann-Beckwith syndrome: Cancer predisposition and chromosome 
11. Cancer Genet Cytogenet 1986;23:159-161. 

Reik W, Brown KW, Schneid H, Le Bouc Y, Bickmore W, Maher ER: Imprinting mutations in the 
Beckwith-Wiedemann syndrome suggested by altered imprinting pattern in the IGF2-H19 domain. 
Hum Mol Genet 1995;4:2379-2385. 

Schneid H, Vazquez MP, Vacher C, Gourmelen M, Cabrol S, Le Bouc Y: The Beckwith-Wiedemann 
syndrome phenotype and the risk of cancer. Med Pediatr Oncol 1997;28:411-415. 

Choyke PL, Siegel MJ, Craft AW, Green DM, DeBaun MR: Screening for Wilms tumor in children 
with Beckwith-Wiedemann syndrome or idiopathic hemihypertrophy. Med Pediatr Oncol 1999;32: 
196-200. 

Call K, Glase T, Ito CY, Buckler AJ, Pelletier J, Harber DA, Rose EA, Kral A, Yeger H, Lewis 
WH, Gones C, Houseman DE: Isolation and characterization of a zinc finger polypeptide gene at 
the human chromosome 11 Wilms’ tumor locus. Cell 1990;60:509-520. 

Gessler M, Poustha A, Cavenee W, Neve RL, Orkin S, Bruns GAP: Homozygous deletion of Wilms’ 
tumors of a zinc-finger gene identified by chromosome jumping. Nature 1990;343:774-778. 
Rauscher FJ III, Morris JF, Tournay OE, Cook DM, Curran T: Binding of the Wilms’ tumor locus 
zinc finger protein to the EGR-1 consensus sequence. Science 1990;250:1259-1262. 

Drummond IA, Madden SL, Rohwer-Nutter P, Bell GI, Sukhatme VP, Rauscher FJ III: Repression 
of the insulin-like growth factor II gene by the Wilms tumor suppressor WTI. Science 1992;257: 
674-678. 

Wang ZY, Qiu QQ, Enger KT, Deuel TF: A second transcriptionally active DNA-binding site for 
the Wilms tumor gene product, WTI. Proc Natl Acad Sci USA 1993;90:8896-900. 


Hata 72 


20 


21 


22 


35 


36 


37 


38 


39 


40 


41 


Werner H, Rauscher Fr, Sukhatme VP, Drummond IA, Roberts CJ, LeRoith D: Transcriptional 
repression of the insulin-like growth factor I receptor (IGF-I-R) gene by the tumor suppressor WT1 
involves binding to sequences both upstream and downstream of the IGF-I-R gene transcription 
start site. J Biol Chem 1994;269:12577-12582. 

Sells SF, Muthukumar S, Sukhatme VP, Crist SA, Rangnekar VM: The zinc finger transcription 
factor EGR-1 impedes interleukin-1-inducible tumor growth arrest. Mol Cell Biol 1995;15:682— 
692. 

Pritchard-Jones K, Flemming S, Davidson D, Bickmore W, Porteous D, Gosden C, Bard J, Buckler 
A, Pelletier J, Housman D, Heyningen V, Hastie N: The candidate Wilms’ tumor gene is involved 
in genitourinary development. Nature 1990;346:194—197. 

Keridberg J, Sariola H, Loring J, Maeda M, Pelletier J, Housman D, Jaenisch R: WTI required 
for early kidney development. Cell 1993;74:679-691. 

Kritz W, Grets N, Lemley K: Progression of glomerular dieases: Is the podocyte the culprit? Kidney 
Int 1998;54:687-697. 

van Heyningen V, Bickmore WA, Seawright A, Fletcher JM, Maule J, Fekete G, Gessler M, Bruns 
GA: Role for the Wilms tumor gene in genital development? Proc Natl Acad Sci USA 1990;87: 
5383-5386. 

Walker C, Rutten F, Yuan X, Pass H, Mew DM, Everitt J: Wilms’ tumor suppressor gene expression 
in rat and human mesothelioma. Cancer Res 1994;54:3101-3106. 

Drash A, Sherman F, Hartman WH, Blizzard RM: A syndrome of peudohermaphroditism, nephritis, 
Wilms’ tumor, hypertension and degenerative renal disease. J Pediatr 1970;76:585. 

Coppes MJ, Huff V, Pelletier J: Denys-Drash syndrome: Relating a clinical disorder to genetic 
alterations in the tumor suppressor gene WTI. J Pediatr 1993;123:673-678. 

Varanasi R, Bardeesy N, Ghahremani M, Petruzzi MJ, Nowak N, Adam MA, Grundy P: Fine 
structure analysis of the WT/ gene in sporadic Wilms tumors. Proc Natl Acad Sci USA 1994;91: 
3554-3558. 

Gessler M, Konig A, Arden K, Grundy P, Orkin S, Sallan S, Peters C, Ruyle S: Infrequent mutation 
of the WTI gene in 77 Wilms’ tumors. Hum Mutat 1994;3:212-222. 

Kikuchi H, Akasaka Y, Nagai T, Kato S, Hata J: Genomic changes in WT-gene (WT/) in Wilms’ 
tumors and their correlation with histology. Am J Pathol 1992;140:781-784. 

Akasaka Y, Kikuchi H, Nagai T, Hiraoka N, Kato S, Hata J: A point mutation found in the WTI 
gene in a sporadic Wilms’ tumor without genitourinary abnormalities is identical with the most 
frequent point mutation in Denys-Drash syndrome. FEBS Lett 1993;317:39-43. 

Huff V: Genotype/phenotype correlations in Wilms’ tumor. Med Pediatr Oncol 1996;27:408-414. 
Kikuchi H, Akasaka Y, Kurosawa Y, Yoneyama H, Kato S, Hata J: A critical mutation in both 
WTI alleles is not sufficient to cause Wilms’ tumor. FEBS Lett 1995;360:16-18. 

Taniguchi T, Sullivan MJ, Ogawa O, Reeve AE: Epigenetic changes encompassing the IGF2/H19 
locus associated with relaxation of IGF2 imprinting and silencing of H19 in Wilms tumor. Proc 
Natl Acad Sci USA 1995;92:2159-2163. 

Moulton T, Chung WY, Yuan L: Genomic imprinting and Wilms’ tumor. Med Pediatr Oncol 1996; 
27:476-483. 

Reeve AE: Role of genomic imprinting in Wilms’ tumour and overgrowth disorders. Med Pediatr 
Oncol 1996;27:470-475. 

Cui H, Hedborg F, He L, Nordenskjold A, Sandstedt B, Pfeifer-Ohlsson S, Ohlsson R: Inactivation 
of H19, an imprinted and putative tumor repressor gene, is a preneoplastic event during Wilms’ 
tumorigenesis. Cancer Res 1997;57:4469-4473. 

Little M, Holmes G, Bickmore W, van Heyningen V, Hastie N, Wainwright B: DNA binding 
capacity of the WTI protein is abolished by Denys-Drash syndrome WT/ point mutations. Hum 
Mol Genet 1995;4:351-358. 

Pelletier J, Bruening W, Kashtan CE, Mauer SM, Manivel JC, Striegel JE, Bardeesy N, Silberman 
B, Haber DA, Housman D: Germ line mutations in the Wilms’ tumor suppressor genes are associated 
with abnormal urogenital development in Dynes-Drash syndrome. Cell 1991;67:437-447. 
Kikuchi H, Takata A, Hata J: Do intronic mutations affecting splicing of WT/ exon 9 cause Frasier 
syndrome? J Med Genet 1998;35:45-48. 


Wilms’ Tumor and the WTI Gene 73 


42 


44 


Moorthy A, Chesney R, Lubinsky M: Chronic renal failure and XY gonadal dysgenesis: ‘Frasier 
syndrome’ — A commentary on reported cases. Am J Med Genet 1987(suppl 3):297-302. 

Babaux S, Nitauder P, Gulber M-C, Nitauder P, Gulber M-C, Grunfeld J-P, Jaubert F, Kutenn F, 
Fekete CN, Therville N, Tahibaud E, Fellous M, McElreavy K: Donor splice-site mutations in 
WTI are responsible for Frasier syntrome. Nat Genet 1997;17:467-469. 

Larsson SH, Charlieu J, Miyagawa K, Engelkamp D, Rassoulzadegen M, Ross A, Cuzin F, van 
Haynigen V, Hastie ND: Subnuclear localization of WT/ in splicing or transcription factor domains 
is regulated by alternative splicing. Cell 1995;81:391-401. 


Jun-ichi Hata, MD, PhD, Department of Pathology, Keio University School of Medicine, 
35 Shinanomachi, Shinjuku-ku, Tokyo 160-8582 (Japan) 
Tel. +81 3 5363 3762, Fax +81 3 3353 3290, E-Mail jhata@med.keio.ac.jp 


Hata 74 


Hino O (ed): Kidney Cancer. Recent Results of Basic and Clinical Research. 
Contrib Nephrol. Basel, Karger, 1999, vol 128, pp 75-81 


Seeeeeeeeeeeeeeeeeeeeeeeeeee 


Gene-Modified Immunotherapy for 
Renal Cell Carcinoma 


Koji Kawai*, Kenzaburo Tani®, Shigetaka Asano’, Hideyuki Akaza* 


è Department of Urology, Institute of Clinical Medicine, University of Tsukuba, 
Tsukuba City, and 

> Department of Hematology/Oncology, Institute of Medical Science, University of 
Tokyo, Japan 


Introduction 


Treatment results for metastatic renal carcinoma (RCC) remain poor 
largely due to the chemotherapy-resistant nature of this cancer. The relatively 
high response rate to various types of immunomodulatory agents suggests that 
RCC is an immunogeneic cancer similar to melanoma. With recent advances in 
molecular biology, a number of preclinical studies and clinical protocols using 
gene modification have been conducted to overcome the limitations of systemic 
therapy for cancer [1, 2]. In RCC, gene-modified immunotherapy is considered 
to be a promising treatment modality for patients with metastasis. We briefly 
reviewed the current approaches to tumor-specific immunotherapy using gene 
modification. 


Limitations of Conventional Immunotherapy for Metastatic RCC 


There is no effective systemic therapy for metastatic RCC. Although 
various cytokine therapies using interferons or interleukin (IL)-2 produced 
favorable clinical responses in some patients, the overall response rate based 
on cumulative data has been reported to range from 12 to 20% [3]. Another 
approach which has been investigated in RCC is adoptive immunotherapy 
using ex vivo expanded immune cells. Two types of activated cells have been 
employed in metastatic RCC patients: lymphokine activated killer (LAK) cells 


derived from peripheral blood lymphocytes, and tumor-infiltrating lympho- 
cytes (TILs) isolated from surgically resected cancer tissue. Although promising 
results were shown in some clinical studies [4], adoptive immunotherapies with 
LAK and bulk TIL have not yet been proven beneficial in the treatment of 
metastatic RCC [5]. Several reasons for the limited efficacy were proposed, 
i.e., a heterogeneous population of infused effector cells; poor localization of 
the transferred effector cells to tumor sites, and suboptimal activity of the 
effector cells at the local tumor sites. 


Prospectives of Tumor-Specific Immunotherapy for RCC 


Since the establishment of methods to isolate genes encoding tumor anti- 
gen recognized by cytotoxic T lymphocyte (CTL), numerous tumor-associated 
antigens (TAAs) were identified in melanoma and various types of cancer [6]. 
In contrast to natural killer cells or LAK cells, CTL is known to have high 
and specific cytotoxic activity against cancer cells recognizing TAAs in a major 
histocompatibility complex (MHC)-restricted manner. CTL is considered to 
play a significant role in tumor regression in melanoma and RCC patients 
receiving high-dose IL-2 therapy or TIL therapy [7, 8]. This finding suggests 
that RCC, like melanoma, expresses specific antigens that can be recognized 
by the CTL. Recently, the expression of TAAs such as RAGE-1, mutated 
HLA-A2 protein or other melanoma-associated antigens were observed in 
RCC specimens or RCC cell lines [9-11]. However, only limited data are 
available regarding whether CTL can recognize those putative TAAs in RCC. 
Thus, until more common TAAs have been identified in RCC, each individual’s 
tumor is the only source of TAAs for generating a tumor-specific immune 
reaction against RCC. One possible approach is adoptive cell therapy using 
ex vivo selectively expanded CTLs. Recently, several investigators have reported 
efficient culture methods to generate RCC-specific CTL [12, 13]. Another 
approach is in vivo vaccination using gene-modified tumor cells to enhance 
host immunity against the tumor. 


Preclinical Studies in Gene-Modified Immunotherapy 


There have been various approaches in cancer gene therapy such as tumor- 
suppressor gene, pro-drug strategy using suicide gene, and gene-modified im- 
munotherapy. Among them, gene-modified tumor vaccine strategies have been 
most intensively studied in both preclinical and clinical studies [1, 14]. In animal 
models, a number of cytokine genes were found to reduce the tumorigenicity of 
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Table 1. Preclinical studies in gene-modified immunotherapy [15-20] 


Tumor Cytokines Protection Tumor Proposed mechanism 
against regression or major effector cell 
rechallenge 

CT26 (colon) IL-2 + ND CTL activity 

WP-4 (sarcoma) TNF + ND CD4+ or CD8+ T cell 

Renca (renal cell) IL-4 + + CD8-+ T cell 

Lewis (lung) IL-6 + + CTL activity 

J558 (plasmacytoma) IL-7 + ND CD4+ T cell and 

macrophage 

B16 (melanoma) GM-CSF + + CD4+ or CD8+ T cell 


transduced cancer cells by local inflammatory or immune responses. In a 
model subset, more importantly, inoculation of cytokine-engineered cells in- 
duces tumor-specific immune responses as defined by protecting the animal 
from rechallenge with parental tumor cells, or by regression of established 
parental tumors (table 1) [15-20]. Although several cellular and humoral 
mechanisms are considered to be involved in tumor rejection, many investiga- 
tors suggested a significant role of T-cell-mediated tumor immunity. In some 
studies, CTL activity against parental tumor cells was demonstrated in spleno- 
cytes of animals injected with cytosine-expressing tumor. Although several 
kinds of cytokines showed the activity, granulocyte-macrophage colony-stimu- 
lating factor (GM-CSF) is considered to be a promising candidate for aug- 
menting immunity [20]. GM-CSF has shown the most potent activity by 
comparing the relative activity of different gene products in a single tumor 
model. In addition, Dranoff et al. [20] demonstrated the efficacy of GM-CSF- 
transduced vaccines by comparing the activity of transduced tumor cells to 
that of nontransduced cells in animal models of colon cancer, prostate cancer 
and RCC [20]. Since CD4 and CD8 before and after GM-CSF vaccination 
abrogated the anti-tumor activity, both subsets of T cells were critical for 
systemic immunity of GM-CSF-transduced vaccine. Figure 1 illustrates a 
proposed mechanism involved in systemic immunity induced by GM-CSF- 
transduced vaccination. The action of GM-CSF involves the local spread of 
cytokines at high concentrations which activated the function of antigen- 
presenting cells (APCs) including macrophages and dendritic cells. The den- 
dritic cell is known to be the most potent APC for helper T cells. Both CD4 + 
and CD8 + T cells are activated which results in destruction of tumor cells 
at metastatic sites upon T-cell recognition of TAAs. 
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Fig. 1. Proposed mechanism in systemic immunity in GM-CSF-transduced tumor vac- 


cination. 


Table 2. Results of a phase-I study of an autologous GM-CSF gene- 


transduced tumor vaccine for RCC patients 


GM-CSF — GM-CSF + 

Cell dose 

Level 1, 4 x 10° 3 4 

Level 2, 4 x 10’ 4 3 

Level 3, 4 x 108 2 = 
GM-CSF secretion, ng/10° cell/24 h 0-19 42-149 
DTH response to RCC cell 5/9 4/7 
Tumor response 

Level 1 0/3 0/4 

Level 2 0/4 1/3 

Level 3 0/2 - 


Results of Phase-I Study of an Autologous GM-CSF Gene-Transduced 
Tumor Vaccine for RCC Patients and Other Clinical Studies of 


Gene-Modifed Immunotherapy for RCC 


The first ex vivo gene therapy trial for the treatment of metastatic RCC was 
conducted at Johns Hopkins Oncology Center using GM-CSF gene-transduced 
tumor vaccines (table 2) [21]. In this double-blinded trial, patients were random- 
ized to treatment with escalating doses of autologous tumor vaccine with or 


Kawai/Tani/Asano/Akaza 


78 


Table 3. Current gene therapy approaches for RCC 


Gene Gene Target Delivery Institute 
transfection vehicle 

TNF Ex vivo Autologous RCC cell Retrovirus NIH 

IL-2 Ex vivo Autologous RCC cell Retrovirus NIH 

IL-2 Ex vivo Allogeneic RCC cell Retrovirus MSKCC 
(HLA-matched) 

IL-4 Ex vivo Autologous fibroblast Retrovirus University of Pittsburg 
(with untransduced RCC cell) 

GM-CSF Ex vivo Autologous RCC cell Retrovirus Johns Hopkins Oncology 


Center/Institute of Medical 
Science, University of Tokyo 


HLA-B7/B,- Ex vivo Autologous RCC cell Lipid Providence Medical Center 

microglobulin 

HLA-B7/B,- In vivo Direct intratumoral injection Lipid Phase II study 

microglobulin 

HLA-B7 In vivo Direct intratumoral injection Lipid UCLA Medical Center 

IL-2 In vivo Direct intratumoral injection Lipid UCLA Medical Center 

B7.1 (CD80) Ex vivo Autologous RCC cell Adenovirus University of Southern 
California 


without ex vivo GM-CSF gene transfer. Autologous tumor cells were harvested 
from primary tumors and transfected with a retroviral vector carrying the GM- 
CSF gene. The transduced and untransduced tumor cells were then irradiated 
and administered to the patients. Through dose escalation, no dose-limiting side 
effects were observed in 16 patients. One partial response was observed in a 
patient with multiple lung metastases treated with GM-CSF gene-transduced 
vaccine. During the trial, several types of immune parameters including delayed- 
type hypersensitivity (DTH) against autologous irradiated RCC cells were mon- 
itored. The patient with partial response displayed the largest DTH conversion 
in this trial. No replication-competent retrovirus was detected in vaccinated pa- 
tients. As this phase-I study demonstrated the safety and bioactivity of the treat- 
ment for RCC, a phase-II trial targeting minimal residual disease is currently 
under regulatory agency review in the USA [2]. Recently, another phase-I study 
of GM-CSF gene-transduced tumor vaccine for metastatic RCC patients was 
started by a multi-institutional group at the Institute of Medical Science, Univer- 
sity of Tokyo, Japan. 

Since immunotherapy has shown some clinical efficacy, current gene ther- 
apy approaches for RCC are mainly based on gene-modifed immunotherapy 
as listed in table 3 [22]. Several different strategies can be recognized in RCC 
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protocols. Six protocols were based on a tumor vaccine strategy using in vitro 
gene-modified autologous cancer cells or partially HLA-matched allogeneic 
cancer cells. Four kinds of molecules, tumor necrosis factor, IL-2, GM-CSF 
and B7.1 (CD80) are being used to augment the host immunity. An additional 
protocol is planned to use IL-4-transduced autologous fibroblasts in combina- 
tion with untransduced autologous tumors as a tumor vaccine. Other protocols 
use in vivo gene transfer strategies. The HLA-B7/B,-microglobulin gene and 
IL-2 gene are being investigated in these protocols. Clinical trials using HLA- 
B7 are based on the results of preclinical studies which showed that the 
in vivo transduction of a gene encoding foreign MHC protein into an estab- 
lished tumor resulted in significant regression of parental tumor [23]. The 
generation of a CTL response against a parental tumor was demonstrated 
in this system [23]. At this time, although the side effects of gene-modified 
immunotherapy appear to be mild, the efficacy of this approach has yet to be 
proven. The optimal design and close immunological monitoring in these early 
trials may provide valuable information on future immunotherapy for RCC. 
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Epidemiology 


Tumors of the kidney in children comprise both malignant ones, such as 
Wilms’ tumor (or nephroblastoma, 90%), clear cell sarcoma (3%) and rhabdoid 
tumor (2%), and a rather benign one, mesoblastic nephroma (2%). Very rarely 
were cases of adult-type malignancy, adenocarcinoma (renal cell carcinoma, 
<1%), reported. 

The frequency of Wilms’ tumor varies from race to race; the incidence is 
three times higher in Blacks than East Asians, and that in Whites is inter- 
mediate, between the two extremes [1]. It occurs with approximately equal 
frequency in both sexes except for the tumor associated with anaplasia (see 
below; twice as common in females), and with an incidence peak between 1 
and 3 years of age. 


Associated Congenital Anomalies and Syndromatic Conditions 


An important feature of Wilms’ tumor is its association with congenital 
anomalies in approximately 15% of children with this tumor, the most common 
being genitourinary anomalies (4.4%), hemihypertrophy (2.9%), and sporadic 
aniridia (1.1%) [2]. The common defects in the genitourinary tract are horse- 
shoe kidney, hypospadias, cryptorchidism, renal dysplasia, and duplicated 
collecting system. Hemihypertrophy is the most prominent among the muscu- 
loskeletal anomalies including clubfoot, rib fusion, phocomelia and hip dis- 
location. 

Wilms’ tumor has been shown in association with several uncommon, 
albeit distinct syndromes, as well as conditions with increased risk of this 


Table 1. Syndromatic conditions associ- 
ated with increased risk of Wilms’ tumor 


WAGR syndrome 
Beckwith-Wiedemann syndrome 
Denys-Drash syndrome 

Perlman syndrome 
Klippel-Trenaunay syndrome 
Simpson-Golabi-Behmel syndrome 
Bloom syndrome 

Poland syndrome 

Down syndrome 

Marfan syndrome 

Sotos syndrome 

Dandy-Walker syndrome 

De Lange syndrome 

Fanconi syndrome 
Neurofibromatosis 
Ataxia-telangiectasia 

Tuberous sclerosis 

Chromosomal anomalies (trisomy 8, 13) 


Fig. 1. Aniridia in a 3-year-old boy with WGAR syndrome. 


tumor (table 1). The patients with the WAGR syndrome (Wilms’ tumor, aniri- 
dia (fig. 1), genitourinary anomalies, and mental retardation) have a consistent 
deletion in chromosome 11p13 of their somatic cells [3]. The Beck with-Wiede- 
mann syndrome (BWS; fig. 2) is made up of umbilical anomalies (omphalocele 
or umbilical hernia), macroglossia, and macrosomia (neonatal gigantism, post- 
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Fig. 2. Appearance of a newborn baby 
with Beckwith-Wiedemann syndrome. 


` 


natal overgrowth, or hemihypertrophy) [4, 5], and the patients with this syn- 
drome are known to be at higher risk for Wilms’ tumor, hepatoblastoma, and 
adrenocortical tumor [6]. Constitutional karyotype analysis has mapped the 
BWS locus to chromosome 11p15 [7]. Children with pseudohermaphroditism 
(fig. 3) and renal glomerulopathies (glomerulonephritis or nephrotic syndrome) 
may develop Wilms’ tumor, constituting the Denys-Drash syndrome, which 
is associated with point mutations within chromosome 11p13, similar to those 
in the WAGR syndrome [8]. 


Etiology 


In 1972 Knudson and Strong [9] proposed a genetic model for the develop- 
ment of Wilms’ tumor based on the two-event hypothesis, predicting that all 
Wilms’ tumors develop as a consequence of two mutational events in a tumor- 
suppressor gene(s). They believed that children at risk for Wilms’ tumor were 
born with a constitutional DNA mutation (the first event) in one allele of a 
presumed tumor-suppressor gene. The second event in the other allele results 
in tumorigenesis, and the tumor is potentially hereditary and could be mul- 
ticentric in origin. By contrast, the sporadic form results from two somatic 
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Fig. 3. Genital appearance of a 2-year- 
old boy with Denys-Drash syndrome. 


mutations in a single cell, and affected children are unlikely to develop multiple 
tumors, since the two events are unlikely to occur independently in more than 
one cell. Subsequently this two-event inactivation of a tumor-suppressor gene 
for at least two different genetic loci has been confirmed. In many cases, the 
first event inactivates one allele by way of mutation in the gene itself, whereas 
the second hit inactivates the other allele by way of deletion, which is detected 
by loss of heterozygosity. However, the genetic events responsible for the 
development of Wilms’ tumor seem more complex than those leading to the 
occurrence of retinoblastoma. 

The constitutional deletion in the short arm of one copy of chromosome 11 
at band 13 in children with the WAGR syndrome, demonstrated by karyotypic 
analysis [10], provided the first clue to the location of a gene responsible for 
Wilms’ tumor formation, and led to the independent identification of the first 
Wilms’ tumor-suppressor gene, called HIT. at 11p13 by three groups in 1990 
[11-13]. The WAGR deletion was further shown to encompass a number of 
contiguous genes other than WTZ1, including the aniridia gene called PAX6. 
The WT] consists of ten axons encoding for a protein with a molecular weight 
of 45—49 kD, depending on the presence or absence of two alternative splicing 
events. Based on the presence of four zinc-finger domains, a motif specific to 
DNA binding, at the carboxyl terminus, and of a domain rich in proline 
and glutamine, a motif characteristic of transcriptional factors, at the amino 
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Fig. 4. Gross appearance of the cut surface of a Wilms’ tumor. 


terminus, the WTI protein is viewed to regulate the transcription of other 
genes. Candidate genes for the target of the WT] protein include insulin-like 
growth factor II [14], and the early growth response gene, PA X2 [15]. The 
WT! protein plays an important role in genitourinary tract organogenesis, as 
expected from a variety of severe genitourinary anomalies seen in the WAGR 
syndrome and the Denys-Drash syndrome. Approximately 30-40% of Wilms 
tumors manifest loss of heterozygosity for the WTZ locus, and only 10% of 
the patients were reported to have WT1 mutations identified [16]. 

Children with BWS develop embryonal tumors with increased frequency, 
with the Wilms’ tumor being the most frequent. As reported by Sotelo-Avila 
[6] 17 of 200 BWS patients developed malignant tumors, among which 10 
were Wilms’ tumors. Genetic linkage analyses and studies on uniparental 
paternal isodisomy for 11p15 suggested that the locus for BWS maps to 
chromosome 11p15 [17, 18]. Further study on a subset of Wilms’ tumor 
demonstrated tumor-specific loss of heterozygosity for markers telomeric of 
11p13 with maintenance of heterozygosity for 11p13 loci [19], suggesting a 
second independent Wilms’ tumor-suppressor gene, the putative WT2, at 
11p15. The W72 locus at 11p15 may well explain the above-mentioned associ- 
ation of Wilms’ tumor with the BWS, but at this moment it remains unknown 
whether the BWS gene and WT? are identical or not. In tumors with loss of 
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Fig. 5. Typical microscopic appearance of a Wilms’ tumor showing a triphasic pattern. 


heterozygosity, the maternal allele at 11p15 was invariably lost [20], suggesting 
the 11p15 loci are subject to genomic imprinting. Two candidate genes for 
WT), insulin-like growth factor II (/GF2) gene and another tumor-suppressor 
gene at a locus adjacent to JGF2, H19, are recognized. IGF2 is an embryonal 
growth factor, which is highly expressed in Wilms’ tumor tissues. The JGF2 
gene is imprinted, with only the paternal allele being expressed [21]. The H19 
gene is also imprinted, but only the maternal allele is active [22]. 

In familial Wilms’ tumor cases, which account for only 2% of all, neither 
WII nor WT2 was implicated [23], suggesting the presence of a third as yet 
unidentified Wilms’ tumor gene. 


Pathology 


Gross Appearance 

Wilms’ tumor is usually a spherical growth that occurs in any part of the 
kidney on either side, and deforms or effaces the renal contour. The tumor is 
sharply demarcated from the adjacent renal parenchyma by a ‘pseudocapsule’. 
On bisection, the tumor tends to bulge from the cut surface, and has a uniform, 
pale gray or tan appearance and a soft consistency (fig. 4). Prominent septae 
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Fig. 6. Mesenchymal derivatives seen in the tumor from a WAGR patient. 


subdividing the tumor tissue into lobules, polypoid protrusions of tumor into 
the pelvicaliceal system, areas of hemorrhage and cystic spaces of various 
sizes may be seen. Hyperplastic nephrogenic rests, the percursor lesions of 
Wilms’ tumor which are visible by the naked eye, are sometimes seen at the 
periphery of the tumor and/or beneath the renal capsule covering the residual 
renal parenchyma uninvolved by the tumor (see below). Among the cases 
registered by the National Wilms’ Tumor Study (NWTS) in the USA, 7.0% 
were multicentric and 5.4% were bilateral in origin [24]. 


Microscopic Appearance 


Three Basic Components 

The classic Wilms’ tumor is composed of three basic components, i.e. 
undifferentiated cells (blastema), epithelial structures (tubules and glomeruloid 
bodies), and the intervening stroma, showing a triphasic pattern (fig. 5). The 
stroma may include mesenchymal derivatives such as striated muscle, adipose 
tissue, osteoid and cartilage (fig. 6). These components can occur in any 
proportion, exhibiting a highly variable histologic appearance. In some rare 
occasions, on the contrary, one-sided differentiation may give rise to a mono- 
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Fig. 7. Monophasic epithelial Wilms’ tumor. 


phasic Wilms’ tumor, which may consist solely of blastemal or epithelial (fig. 7) 
or mesenchymal components. 


Anaplastic Wilms’ Tumor 

Wilms’ tumor with foci of anaplasia is classified as a tumor of unfavorable 
histology (UH), and the patient’s prognosis is significantly poorer than that 
of the patient with a tumor of favorable histology (FH), i.e. without anaplasia. 
Anaplasia is defined by the NWTS Pathology Center as the presence of cells 
with threefold nuclear enlargement, hyperchromatism, and bizarre mitotic 
figures [25] (fig. 8). These anaplastic changes may be confined to sharply 
demarcated foci (‘focal anaplasia’), or widely scattered through the tumor 
(‘diffuse anaplasia’), with the latter having a worse prognosis [26]. 

Anaplasia is found in about 5% of cases, and with a higher incidence in 
female patients. It is rarely seen in tumors of patients younger than 2 years 
of age at diagnosis, but its presence increases with the age of the patient. 
Anaplastic Wilms’ tumors frequently show aneuploidy [27] and have frequent 
mutations in the tumor-suppressor gene p53 [28]. 
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Fig. 8. Cells exhibiting features of anaplasia. 


Nephrogenic Rests 

Nephrogenic rests (NRs) are foci of immature blastemic cells, which are 
found in approximately 1% of routine postmortem examinations in infants 
[29]. These lesions have also been encountered in 25-40% of children with 
sporadic Wilms’ tumor [30]; the rests are often found within the residual 
kidney at the periphery of the nearby expanding tumor. A report that, in 2 
children with Wilms’ tumor associated with NRs, the same somatic mutation 
of WTI was detected both in the tumor and the rests [31] molecular biologically 
supported the long-harbored speculation that NRs may be premalignant le- 
sions of Wilms’ tumor. 

Two distinctive subtypes of NRs are known, depending on their anatom- 
ical location within the renal parenchyma (fig. 9). The rests found at the 
periphery of the renal lobe are called perilobar NRs (fig. 10), and those located 
deep in the renal medulla are called intralobar NRs (fig. 11). Tumors in 
association with perilobar NRs are usually composed of three basic compo- 
nents, Le nodules or cords of blastema, tubules and glomeruloid bodies, and 
the surrounding stroma, without any mesenchymal derivatives, and frequently 
occur in BWS patients, whereas intralobar NR-associated tumors are abundant 
in mesenchymal derivatives, and develop in children with WAGR syndrome 
and Denys-Drash syndrome. 


Yokomori 90 


Perilobar nephrogenic rests Intralobar nephrogenic rests 


Fig. 9. Schematic illustration showing anatomical locations of perilobar and intralobar 
nephrogenic rests within the renal lobe. 


Fig. 10. Perilobar nephrogenic rests beneath the renal capsule. 
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Fig. 11. Intralobar nephrogenic rests compressed by the expanding tumor at the tumor- 
kidney junction. 


Clinical Manifestations 


Wilms’ tumor is often recognized by a family member as an asymptomatic 
abdominal mass (fig. 12), although abdominal pain, hematuria, fever, malaise, 
weight loss, anemia are common. Hypertension is present in 1 of 4 patients, 
due mainly to ectopic renin production by the tumor tissue [32], and partly 
to the renal artery ischemia caused by the tumor compression. It is also 
important to pay attention to signs of congenital anomalous syndromes associ- 
ated with Wilms’ tumor, as listed in table 1. 


Laboratory Findings 


At this moment no diagnostic blood or urine tests for the definitive 
diagnosis of Wilms’ tumor are available. Lactate dehydrogenase levels in serum 
are usually elevated with abnormal isozyme patterns, but these are not specific 
to Wilms’ tumor. Serum levels of inactive renin (prorenin) may be made use 
of as a tumor marker for Wilms’ tumor [33]. Determination of basic fibroblast 
growth factor in the urine may reflect the course of the tumor [34]. The tumor 
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Fig. 12. Bulging abdomen of a 2-year-old girl with a Wilms’ tumor in the right kidney. 


may produce erythropoietin, leading to polycythemia, secondary hypercalce- 
mia, and a clinical picture similar to von Willebrand disease. 


Diagnostic Imaging Studies 


Plain X-ray films of the abdomen may reveal a mass contour in the 
flank and displacement of bowel shadows to the opposite side. Plain chest 
radiographs may detect pulmonary metastases. Excretory urography (intrave- 
nous pyelography, IVP) has long been employed worldwide, revealing distor- 
tion and displacement of the pelvicalyceal and collecting systems (fig. 13). 


Wilms’ Tumor (Nephroblastoma) 93 


Fig. 13. Intravenous pyelogram shows distortion of the right-sided pelvicalyceal system. 


Now IVP has gradually been replaced by the less invasive imaging modalities, 
such as CT scan, MRI and ultrasonography. CT of the abdomen may visualize 
the tumor(s) and/or NRs in the affected kidney, as well as those lesions in the 
contralateral kidney (fig. 14). MRI also shows the pattern of heterogenous tis- 
sues within the tumor. Real-time ultrasonography can detect tumor thrombi in 
the renal vein, the inferior vena cava and the right atrium. Other imaging studies 
include a radionuclide bone scan and X-ray skeletal survey for the bone lesions. 


Staging 


With regard to tumor spread, each tumor is clinically staged according 
to the staging criteria. The staging system most frequently used is that of the 
NWTS group (table 2). The extent of local disease is determined at the time 
of surgery, and confirmed by the pathologist who determines the presence or 
absence of anaplasia within the tumor. 
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Fig. 14. Abdominal CT shows a huge Wilms’ tumor in the right kidney and the 
hyperplastic intralobar nephrogenic rests in the left kidney. 


Table 2. Staging system of Wilms tumor (NWTS) 


Stage I Tumor limited to kidney, completely excised 
Capsular surface intact; no tumor rupture; no residual tumor 
Apparent beyond margins of excision 


Stage I Tumor extends beyond kidney but is completely excised 
Regional extension of tumor; vessel infiltration; tumor biopsied or local spillage 
of tumor confined to the flank 
No residual tumor apparent at or beyond margins of excision. 


Stage III Residual non-hematogenous tumor confined to the abdomen 
Lymph node involvement of hilus, perisortic chains or beyond; diffuse 
peritoneal contamination by tumor spillage; peritoneal implants of 
tumor; tumor extends beyond surgical margins either microscopically 
or macroscopically; tumor not completely removable because of local 
infiltration into vital structures 


Stage IV Deposits beyond stage III (e.g. lung, liver, bone, brain) 


Stage V Bilateral renal involvement at diagnosis 
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Treatment 


Therapy for Wilms’ tumor is one of the great success stories in modern 
oncology. Currently two different therapeutic approaches, preoperative and 
postoperative treatments, are being employed. Postoperative treatment is the 
method most often advocated worldwide including the NWTS group [35], 
whereas preoperative treatment has been used by the International Society of 
Pediatric Oncology group in Europe in a series of clinical trials [36]. In both 
approaches, similar combined chemotherapeutic regimens have been adopted, 
with only the timing and indications for surgery, radio- and chemotherapy 
differing from each other. Dactinomycin and vincristine are the most effective 
drugs for most of cases with a FH, and are used in conjunction with surgery, 
without radiotherapy, for all stage-I and II tumors with FH. Stage-I tumors 
with an UH are similarly treated, but UH tumors with stages II-V are treated 
by more toxic chemotherapeutic agents and radiotherapy. Doxorubicin is a 
significant addition to the treatment of patients with advanced disease. Pul- 
monary irradiation and three-drug combination chemotherapy are now recom- 
mended for most patients with stage-IV disease. Preoperative therapy is 
generally indicated for patients with bilateral tumors (stage V) to facilitate 
eventual renal salvage procedures. This approach preserves renal parenchyma 
and optimizes renal function without compromising survival. 


Prognosis 


The most significant prognostic variables are histologic subtype (FH vs. 
UH) and stage. As the majority of Wilms’ tumors are at low stages and of FH, 
the overall 2-year survival is better than 85% with either pre- or postoperative 
treatment [35, 36]. A favorable outcome was observed even among tumors 
with focal anaplasia, with the 2-year survival being as good as 85%, but it 
was no more than 50% for diffuse anaplasia [37]. 
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Introduction 


Renal neoplasms rarely develop spontaneously in laboratory animals, but 
have been induced in different species, particularly in small rodents, by a 
variety of oncogenic agents including chemicals, hormones, radiation and 
viruses [l-5]. Although more than 100 chemicals, different types of high- 
energy radiation and viruses have been identified as renal carcinogens in 
rodents, only a few animal models of renal carcinogenesis have been analyzed 
in greater detail. The main reason for this selective approach seems to be that 
phenotypic similarities rather than differences are characteristic of neoplastic 
development induced by the various oncogenic agents [1]. A hereditary renal 
cell carcinoma was described in rats by Eker [6] and has been thoroughly 
studied as a model of dominantly inherited predisposition to a specific tumor 
type [7-9]. Even if such genetic events are involved in the evolution of renal 
cell carcinomas, phenotypic similarities with certain types of tumors induced 
by exogenous agents are obvious [9, 10]. 

The spectrum of renal neoplasms observed in animal models is nearly as 
broad as that known from human pathology [4]. Whereas experience in human 
pathology has guided the classification and histogenetic derivation of experi- 
mental renal tumors for a long time, several experimental findings had a strong 
impact on the classification and elucidation of the pathogenesis of human 
kidney tumors in the past two decades [1, 4, 5]. 

As to the variety of etiologic agents producing renal neoplasms the reader 
is referred to a number of reviews [1—S, 11, 12]. This article will be focused 
on some animal models which have significantly contributed to our under- 


standing of the pathogenesis of renal neoplasms, especially renal cell adenomas 
and carcinomas which predominate in both experimental and human renal 
carcinogenesis. In most of these animal models, neoplastic development in the 
kidney takes a long time; in the rat, this lag period often lasts for 1 or 2 years. 


Classification 


Experimental renal cell tumors are usually classified as adenomas includ- 
ing oncocytomas, and carcinomas [1, 13-15]. The main site of origin of renal 
cell tumors is the renal cortex, but they may also develop from the outer 
medulla, and should, therefore, not be designated as cortical epithelial tumors 
[5]. Asin human pathology, in many cases in rodents an unequivocal distinction 
between adenomas and carcinomas is difficult, if not impossible, on morpho- 
logical grounds. Whereas small lesions are frequently grouped with adenomas, 
large tumors are classified as carcinomas, particularly when cellular atypia, 
necrosis or invasion of the adjacent tissue is evident [14]. A high propensity 
for distant metastases, especially to the lungs, has been reported for renal 
cell tumors exceeding 2 cm in diameter [16, 17]. An exceptional case is the 
oncocytoma which, at least in the rat, always appears to behave as a benign 
neoplasm [13]. 

Using cytomorphological and simple cytochemical criteria we have intro- 
duced a new classification of renal cell tumors which had been induced in rats 
by N-nitrosomorpholine, more than two decades ago [18-21]. In addition to 
oncocytomas, basophilic, chromophobic, acidophilic, and clear/acidophilic 
(granular) cell tumors were distinguished. This classification has not only 
proved suitable for both spontaneous and induced renal cell tumors in rodents 
[1, 5], but also prompted Thoenes et al. [22, 23] to propose a new classification 
of human renal cell tumors, separating chromophobic, chromophilic (including 
granular), and clear cell carcinomas from oncocytomas, which has been widely 
accepted in the meantime [24, 25]. A detailed listing of the experimental 
production of the different types of rat renal cell tumors has been provided 
elsewhere [14], but N-nitrosomorpholine which has been shown to induce all 
types of rat renal cell tumors [14, 26] may not be an exception since a similar 
situation has recently been reported for N-ethyl-N-hydroxyethylnitrosamine 
[27]. 

All rodent renal cell tumors develop from the renal tubular system. The 
main determinant for the type of tumor induced appears to be the specific 
differentiation of the target cell rather than the oncogenic agent [1, 5, 26, 27]. 
It is, hence, important to realize that the renal tubular system is a complex 
structure comprising a number of physiologically well-defined segments, each 
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Fig. 1. Sites of origin and developmental stages of different types of renal cell tumor. 
From Bannasch and Zerban [1]. 


of which is lined by specifically differentiated cells [28]. The various types of 
renal cell tumor apparently develop from different segments of this system 
(fig. 1), particularly from the proximal tubule and the collecting duct system 
[5, 27, 29]. Specific cellular changes within these tubular segments regularly 
precede the manifestation of the renal cell tumors by weeks and months. 

A confusing variety of terms has been proposed for such preneoplastic 
tubular lesions [12], including ‘atypical tubule’ [30], ‘dysplastic tubule’ [31, 32], 
‘simple tubular hyperplasia’ [33, 34], and ‘atypical tubular hyperplasia’ [30, 34], 
the latter being considered as a more advanced stage of neoplastic development. 
All these collective nouns confuse rather than clarify the situation. Thus, it is 
evident that an ‘atypical tubule’ composed of basophilic cells differs from a 
tubule lined by clear cells, and particularly by oncocytes, in its potential to 
progress to a neoplasm [1, 26]. All types of preneoplastic tubules consist 
of cells markedly altered in their morphology and intermediate metabolism, 
whereas the term ‘hyperplasia’ indicates a proliferation of normal cells under 
conditions of reparative or compensatory regeneration [14]. We, therefore, 
prefer to maintain the designation of the preneoplastic tubules using the altered 
cell types as descriptors, e.g. clear cell tubule, basophilic cell tubule, and 
oncocytic tubule [19-21]. This descriptive terminology appears to be most 
appropriate because it does not anticipate the biological behavior of the re- 
spective lesions, but permits the development of an ever-increasing number 
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of connotations with our increasing understanding of the biological signifi- 
cance of the different types of altered tubules [14]. 


Cellular Origin and Fine Structure 


Chromophobic Cell Tubules and Tumors 

Chromophobic renal cell tubules and tumors (fig. 2) appear to be relatively 
rare and have hitherto only been described in rats exposed to some chemicals 
[18, 21, 35, 36] or carrying the predisposing Eker gene [9]. The site of origin 
of the chromophobic cells is the proximal nephron as demonstrated by light 
and electron microscopy [14, 21, 36]. In both altered tubules and tumors, the 
chromophobic cellular phenotype is characterized by unusually large polyhe- 
dral cells that contain numerous cytoplasmic vacuoles, and may show an apical 
brush border like normal cells of the proximal tubule. In conventional tissue 
sections stained with hematoxylin and eosin the chromophobic cells may be 
mistaken for clear glycogen storage cells at first glance, but a closer look 
reveals a foamy cytoplasm, which instead of glycogen may store abundant 
glycosaminoglycans as demonstrated by staining with alcian blue or the iron- 
binding reaction. Chromophobic renal cell tumors induced in rats by nitrosam- 
ines appeared as small, well-demarcated lesions, which were classified as aden- 
omas [36, 37]. However, in rats exposed to streptozotocin, larger tumors 
containing both chromophobic and basophilic components developed which 
were classified as carcinomas [37]. The ultrastructure of renal epithelial tumors 
induced in mice by streptozotocin also showed some features of chromophobic 
renal cell tumors observed in other species, but often contained larger glycogen 
deposits [38]. This phenomenon has previously been observed in streptozoto- 
cin-induced basophilic rat renal cell tumors, and has been explained as a 
consequence of the high blood glucose levels in these animals, which suffer 
from diabetes due to pancreatic islet cell damage by streptozotocin [1]. 

Basing their views on the experimental findings in rats, Thoenes et al. 
[22, 23] described the chromophobic renal cell carcinoma as a pathomorpho- 
logic entity in man. However, in contrast to the chromophobic rat renal cell 
tumor, the human chromophobic cell carcinoma has been traced to the 


Fig. 2. Chromophobic renal cell tubules induced in rats with N-nitrosomorpholine. 
A Light micrograph of chromophobic renal cell tubule. Tri-PAS. x 400. B Electron micrograph 
of portion of chromophobic cell tubule containing large cytoplasmic vacuoles and forming 
a brush border at the luminal plasma membrane. Lead citrate. x 8,000. C Chromophobic 
renal cell tubules excessively storing glycosaminoglycans as demonstrated by the iron-binding 
reaction. x 200. D Portion of proliferating chromophobic cell tubule. HE. x 480. 
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collecting duct, particularly to the intercalated cells, by a histochemical 
approach [39, 40]. 


Basophilic Cell Tubules and Tumors 

Basophilic cell tumors (fig. 3) are the prevailing type of renal cell tumor 
in rodents [11, 12, 14, 41, 42]. They may consist of small or large basophilic 
cells (without prominent cytoplasmic vacuoles) which form tubular, trabecular, 
solid, cystic or cystic-papillary structures [14]. There is general agreement that 
these types of tumor originate from the proximal nephron DI. 26, 27, 43-50]. 
Because there is frequently an intimate spatial relationship between chromo- 
phobic and basophilic cells in tubular lesions and sometimes also in tumors, 
we have hypothesized that the chromophobic cell lesions may represent pre- 
cursors of basophilic renal cell tumors in the rat [21]. However, the relative 
rarity of chromophobic cell tubules as compared to basophilic cell tumors 
argues in favor of an origin of the majority of basophilic cell neoplasms from 
hyperbasophilic tubules, in line with previous notions of many authors [14, 41, 
44, 45, 50]. 

Many of these hyperbasophilic tubules show a slight storage of glycos- 
aminoglycans, indicating certain similarities in metabolic aberrations to those 
in chromophobic cell tubules [14, 21]. Different segments of the proximal 
nephron have been described as sites of origin of basophilic cell tumors by 
different carcinogens: P, for N-(4-fluoro-4-biphenyl)acetamide [50]; P, and P, 
for N-nitrosodiethylamine [36]; P}, BC and PM for lead acetate [36], and P, 
and P, for sodium barbital [31]. 

The hyperbasophilic renal cell tubules may be composed of small or large 
cells [21]. The hyperbasophilic cell tubules consisting of large cells appear to 
be particularly prone to progress to expanded basophilic cell tumors classified 
as carcinomas. Cell proliferation has been shown to be significantly increased 
in these basophilic cell tumors (fig. 4) compared to their tissue of origin 
[14, 51]. The characteristic ultrastructural features of the basophilic cell tumors 
are abundant free and membrane-bound ribosomes, and more or less elaborate 
brush border formations of their plasma membrane, indicating their origin 
from the proximal nephron [21, 43-46]. There is little doubt that many small 
basophilic cell tumors represent only early stages of the larger lesions. This 


Fig. 3. Basophilic renal cell lesions induced in rats with N-nitrosomorpholine. A Renal 
tubule composed of enlarged hyperbasophilic cells. HE. x 380. B Basophilic renal cell tumor. 
HE. x 120. C Electron micrograph of portion of basophilic cells containing abundant ribo- 
somes and forming brush borders. Lead citrate. x 9,500. D Serial sections of basophilic renal 
cell tumor showing pronounced changes in basophilia (a), glycogen content (b), and activities 
of glucose-6-phosphatase (c), adenosinetriphosphatase (d), glyceraldehyde-3-phosphate de- 
hydrogenase (e), and glucose-6-phosphate dehydrogenase (f). x 12. 
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Fig. 4. Labeling index (LI) of [*H]-thymidine administered continuously for 48 h in 
different types of N-nitrosomorpholine-induced types of rat renal cell tumors and their 
respective tubular site of origin. From Bannasch et al. [14]. 


may also be true of cystic lesions composed of large basophilic cells [14]. 
However, it is unlikely that cystic lesions which are made up of small basophilic 
cells, especially those lined by flat epithelia, also have the potential to progress 
to malignant stages. 

Basophilic renal cell tumors which consist of unusually large basophilic 
cells containing prominent vacuoles have rarely been explicitly mentioned in 


Fig. 5. Light micrographs of clear cells in renal tubular lesions induced in rats with N- 
nitrosomorpholine. A Cortical collecting duct partly lined by clear cells. HE. x 300. B Ex- 
cessive storage of glycogen in renal clear cell tubule. Tri-PAS. x 190. C Excessive storage of 
glycogen in some cells of proximal renal tubule. Tri-PAS. x 470. D Portion of mixed clear/ 
acidophilic (granular) cell tumor. HE. x 255. 
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Fig. 6. Electron micrographs of clear and acidophilic cells from renal cell tumors induced 
in rats with N-nitrosomorpholine. 4 Abundant monoparticulate glycogen in cytoplasmic 
matrix of clear cell. Lead citrate. x 24,000. B Autophagic vacuole accumulating monoparti- 
culate glycogen. Lead citrate. x 33,000. C Abundant lipid bodies showing a characteristic 
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the literature [37, 51]. In contrast to the more common basophilic cell tumors 
described above, this rare type of basophilic cell tumor appears to derive from 
the collecting duct system [52]. According to Brummer and Rabes [51], who 
have characterized this tumor type in some detail, it shows a clearly increased 
cell proliferation compared to the corresponding normal renal parenchyma. 


Clear and Acidophilic (Granular) Cell Tubules and Tumors 

The majority of neoplastic lesions of this type, which is not uncommon 
in rodents exposed to oncogenic agents and largely corresponds to the predom- 
inant type of human renal cell carcinoma, is populated by a mixture of pleo- 
morphic clear and acidophilic cells [14, 19]. Only preneoplastic tubular lesions 
and small microscopic tumors may be exclusively composed of clear cells, the 
nuclear chromatin of which is usually highly condensed (fig. 5). In electron 
microscopic investigations of clear/acidophilic rat renal cell tumors, which 
macroscopically may become very large, the clear cells (fig. 6A—C) have been 
shown to contain a considerable amount of monoparticulate glycogen (local- 
ized within the cytoplasmic matrix or enclosed in autophagic vacuoles) and/ 
or characteristic lipid bodies, the fine structure of which suggests their composi- 
tion of gangliosides [14, 19]. In contrast, the cytoplasm of the acidophilic cells 
is poor in both glycogen and lipids, but often contains abundant mitochondria 
poor in cristae (fig. 6D), which are most probably responsible for the frequent 
granular appearance of this cell type at the light microscopic level. Intermediate 
clear-acidophilic cellular phenotypes are regularly intermingled between the 
more distinct clear and acidophilic cell populations. The characteristic lipid 
bodies found in rat renal clear cell tumors were subsequently also described 
in human renal clear cell carcinomas [53], but here the lipids usually appear 
as neutral lipid droplets. 

The development of clear cell tumors and of mixed clear/acidophilic 
cell tumors from the clear cell tubules excessively storing glycogen has been 
established by cytomorphological, cytochemical, and stereological approaches 
[19, 27, 54, 55]. In serial sections of a total of 93 clear cell-containing renal 
lesions induced in rats with N-nitrosomorpholine, these clear cell tubules have 
been shown to be usually directly connected with the collecting duct system, 
but not with any other part of the tubular system [54]. The preferential origin 
of the clear cell tubules from the collecting duct has been supported by histo- 
chemical studies [51, 55]. In recent stereological reconstructions of serial sec- 
tions from 9 rat renal clear cell lesions produced by N-ethyl-N-hydroxyethyl- 
nitrosamine, 4 of 9 lesions each were found to be connected with the collecting 


pattern of dark and light lines (inset, x 56,000) in clear cell. Lead citrate. x 13,500. D Abundant 
mitochondria poor in cristae in acidophilic cell. Lead citrate. x 12,800. 
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duct system and the distal tubule, but 1 of 9 lesions showed continuity with 
the proximal tubule [27]. Occasionally, small groups of clear cells were previ- 
ously noted in the proximal nephron (fig. 5C) of carcinogen-treated rats [19, 54], 
but clear cell tumors deriving from this part of the nephron had not been 
unequivocally demonstrated. In contrast to the experimental findings, the 
human clear and granular cell carcinomas are considered to originate from 
the proximal nephron by most authors [24, 25, 56], as suggested years ago 
by the electron microscopic findings of Oberling et al. [57], although distal 
parts of the renal tubular system, including the collecting duct, have been 
discussed as the possible site of origin of these tumor types in humans as well 
(54, 58]. 

Many observations endorse the notion that the mixed clear/acidophilic 
(granular) cell tumors arise from clear cell tubules or small clear cell tumors 
(adenomas) in which the cells gradually lose their glycogen and progress to a 
more malignant state [14, 19, 27, 51, 55]. In clear cell tubules and adenomas, 
DNA synthesis as determined by [H]thymidine incorporation (fig. 4) is only 
slightly increased [14], but a marked elevation in the labeling index takes 
place when large clear/acidophilic cell tumors develop [14, 51], justifying their 
classification as carcinomas. During conversion from clear to acidophilic cells, 
the initially highly condensed nuclear chromatin undergoes a striking decon- 
densation [19]. Additional support for an interconversion between clear and 
granular cells during neoplastic development comes from recent investigations 
on mutations in the von Hippel-Lindau (VHL) gene in clear/granular cell 
tumors induced in rats with N-nitrosodiethylamine [59]. Three of the 8 clear 
cell-containing tumors studied showed mutations of the rat VHL gene, which 
were uniform in the mixed clear/granular cell populations in 2 cases. In human 
patients suffering from tuberous sclerosis or VHL disease, who are at high 
risk of developing renal clear/granular cell carcinomas, atypical cysts lined by 
clear cells like experimentally induced tubular or cystic lesions have been 
described to be associated with the carcinomas [60], suggesting striking inter- 
species similarities in the cellular evolution of this tumor type. 


Oncocytic Tubules and Oncocytomas 

This type of renal cell tumor frequently develops in the rat exposed to 
chemical carcinogens, but may also occur ‘spontaneously’ in old animals 
[5, 13, 18, 20, 27, 49, 61]. The renal oncocytoma has been known for some 
time from human pathology [62], but only attracted greater attention when 
several reports provided evidence for a more frequent occurrence and benign 
behavior [23, 24, 63]. The oncocyte is a unique cell type defined many years 
ago by Hamperl [62] and well known to form neoplasms at different sites in 
man [62, 64]. 
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The rat renal oncocytoma (fig. 7) is composed of large polygonal cells 
with an intensely acidophilic and finely granular cytoplasm [13, 20]. The fine 
structure of these oncocytes is most characteristic (fig. 7C): the cytoplasm is 
crowded with atypical mitochondria that exhibit abundant, unusually long 
and densely packed cristae [65]. Sometimes, the severely altered mitochondria 
form whorled structures or they display an intramitochondrial accumulation 
of glycogen. 

The histogenesis of rat renal oncocytoma has been studied in detail in 
different models of experimental chemical carcinogenesis [5, 20, 27, 36, 61, 66]. 
Regardless of the carcinogenic compound used, an oncocytic transformation of 
epithelia of the collecting duct system (fig. 7A) was observed as the initial 
event. In addition, it was established that these neoplasms derive from both 
principal and intercalated cells lining the cortical and outer medullary portions 
of the collecting duct system [61]. In addition to oncocytes, clear cells exces- 
sively storing glycogen (fig. 7B) were rarely found in the same tubular segments 
(which are also the site of origin of clear cell tumors in the rat), but their 
possible involvement in the genesis of oncocytomas remains obscure [20, 54]. 
As a rule, the oncocytic tubules and oncocytomas develop in a multicentric 
fashion in both kidneys, and they are frequently combined with other types 
of tubular lesions and epithelial kidney tumors [1]. 

The rat renal oncocytoma grows very slowly and appears to be a benign 
end-stage lesion which does not progress to a malignant tumor [13]. This view 
is substantiated by the observation that DNA synthesis as demonstrated by 
the incorporation of [*H]thymidine (fig. 4) is significantly increased in oncocy- 
tomas compared to the normal cortical collecting duct, but it is much less 
elevated than in basophilic and clear/acidophilic renal cell tumors. 

There is general agreement that the human renal oncocytoma originates 
from the collecting duct system like the rat renal oncocytoma [39, 67, 68]. 
However, results of immunohistochemical studies favored their origin from 
intercalated rather than principal cells of the collecting duct [39]. Moreover, 
on the basis of lectin-binding studies, Eble and Hull [69] suggest that even 
the possibility of a proximal tubular origin [70] has to be reconsidered for 
some human renal oncocytomas. 


Mechanisms of Neoplastic Cell Conversion 


Toxicity and Hyperplasia 

Various nonspecific toxic effects have been implicated in the mechanism 
of renal carcinogenesis. At the tissue level, a hyperplastic response to toxic 
cell necrosis has been regarded as an early event in renal carcinogenesis by 
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many authors [11, 12, 30, 41, 45, 71-76]. Hyperplasia elicited by nonspecific 
toxic lesions has been discussed in particular as a possible cause of neoplastic 
renal cell conversion when the carcinogenic agent did not show mutagenic 
activity in a number of in vitro assays [11, 12, 30]. A well-known representative 
of this group of agents is the cationic chelator nitrilotriacetic acid, which is 
toxic to the epithelial cells of the proximal tubule and leads to cytoplasmic 
vacuolation and occasional cell necrosis [77, 78]. Anderson et al. [79] suggested 
that the toxic effect of nitrilotriacetic acid might be associated with a divalent 
cation imbalance resulting in increased levels of divalent cations, such as Zn* 
and Ca", providing a constant stimulus for cell proliferation. 

Several important industrial and environmental chemicals, including vol- 
atile hydrocarbons, have been shown to produce an intralysosomal accumula- 
tion of the urinary protein o,-globulin in epithelial cells of the proximal tubule 
and eventually exert toxic effects leading to cell death in male rats [11, 30, 
33, 80]. In case of continuous exposure to such compounds, the cellular necrosis 
elicits a sustained elevation of cell proliferation which is considered to be 
related to the formation of preneoplastic and neoplastic renal lesions. 

Karyocytomegaly has also been linked with neoplastic renal cell conver- 
sion, but several authors agree that this alteration is most likely a result 
of toxic damage and is not a reliable indicator of a carcinogenic response 
[45, 50, 76]. 

The frequent origin of rat renal cell tumors from the collecting duct system 
is hardly compatible with the notion of an initiating regenerative hyperplastic 
stimulus by toxic cell necrosis, which predominantly occurs in the proximal 
nephron [14]. The results of stop experiments with N-nitrosomorpholine in 
rats likewise jeopardize the suggested significance of tubular necrosis and 
hyperplasia in the evolution of epithelial renal neoplasms [1]. With the excep- 
tion of very high sublethal doses [81], neither early necrotic nor hyperplastic 
changes were observed during the period of carcinogen exposure. The majority 
of preneoplastic tubular lesions preceding the manifestation of neoplasms 
emerged weeks and months after withdrawal of the carcinogenic agent [14-21]. 
While no increase in cell proliferation was detected by autoradiographic deter- 
mination of the incorporation of [*H]-thymidine during the period of carcino- 


Fig. 7. Oncocytic tubules and oncocytoma induced in rats with N-nitrosomorpholine. 
A Light micrograph of oncocytic tubule connected with cortical collecting duct. Tri-PAS. 
x 240. B Light micrograph of oncocytic tubule containing some cells excessively storing 
glycogen. Tri-PAS. x 180. C Electron micrograph of portion of oncocyte showing abundant 
mitochondria containing densely packed cristae and sometimes glycogen. Lead citrate. 
x 32,500. D Light micrograph of small oncocytoma containing some glycogen particles. Tri- 
PAS. x 330. 
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gen administration [1], there was an ever-increasing cell proliferation from the 
preneoplastic tubular lesions through small-to-large neoplasms [14, 51]. 


Metabolic Cellular Changes and Growth Factors 

Investigations on different types of human renal cell tumor suggested to 
some authors that the diversity in cellular phenotypes may not indicate an 
origin from special segments of the tubular system, but might reflect an abnor- 
mal gene expression associated with neoplastic changes in certain cell clones 
[82], or result from several options for differentiation of a common precursor 
stem cell [83]. Although there is, undoubtedly, a great plasticity in the neoplastic 
phenotype of renal cell tumors, the consistent appearance of cytologically 
well-defined tumor types, the origin of which has been traced to certain cell 
types of the renal tubular system which undergo characteristic metabolic 
changes as demonstrated by cytochemical and biochemical approaches, indi- 
cates ordered sequential events in several cell lineages leading to the different 
types of renal cell tumors [1]. Fundamental changes in energy metabolism 
have been detected during the evolution of all types of renal cell tumor and, 
hence, seem to be a common denominator of neoplastic renal cell conversion 
[14, 26, 84]. The variations in phenotypic expression of renal cell tumors may 
mainly depend on the specific state of differentiation of the respective cells of 
origin. The nature of the oncogenic agent may also have some influence. 
However, from a review on preneoplastic lesions in the rodent kidney, it appears 
that genotoxic and nongenotoxic chemicals produce in principal the same 
types of lesion [30]. This also holds true for animals carrying a predisposing 
gene as demonstrated for the hereditary Eker rat renal cell tumors [9]. 

The most striking early phenotypic cellular changes indicating metabolic 
aberrations during the development of renal cell tumors are an excessive storage 
of glycogen (glycogenosis) or glycosaminoglycans (mucopolysaccharidosis) in 
clear and chromophobic/basophilic cells, respectively, and an accumulation of 
abnormal mitochondria in oncocytes (oncocytosis) [26]. As described in some 
detail above, the glycogenotic clear cells are gradually transformed into acido- 
philic cells during progression from preneoplastic tubular lesions to advanced 
neoplasms [19]. Enzyme and immunohistochemical studies on the glycogenotic 
clear cell tubules and clear/acidophilic cell tumors have shown that in compar- 
ison to the normal epithelium of the collecting duct (from which the majority 
of these lesions develop) the glycogenotic tubules have an increased activity 
of glycogen phosphorylase and reduced activities in several glycolytic enzymes 
(e.g. hexokinase, glyceraldehyde-3-phosphate dehydrogenase, pyruvate kinase) 
and mitochondrial enzymes (e.g. succinate dehydrogenase), accompanied by 
a strongly reduced expression of the glucose transporter, GLUT1 [55]. Moder- 
ately increased activities of glycolytic and mitochondrial enzymes, and of the 
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key enzyme of the pentose phosphate pathway, glucose-6-phosphate dehydro- 
genase, were observed in clear/acidophilic cell tubules and tumors compared 
with those in glycogenotic tubules. These findings suggest that glycogen storage 
is not due to an increased uptake of glucose from the blood, but results from 
a disturbance in the intracellular flux of metabolites. The enzymatic alterations 
during the emergence of glycogenotic clear cells from the collecting duct 
epithelium, and their conversion into glycogen-poor acidophilic cells during 
progression indicate a fundamental shift in energy metabolism which is closely 
linked to the process of neoplastic cell transformation [55, 84]. 

Enzyme histochemical investigations in human clear cell carcinomas 
(which are considered to originate from the proximal nephron) revealed meta- 
bolic aberrations similar to those observed in rat renal cell tumors [84]. This 
applies especially to a decreased activity of the glucose-6-phosphatase and 
increased activity of the glyceraldehyde-3-phosphate dehydrogenase, sug- 
gesting a high glycolysis at the expense of gluconeogenesis. The histochemical 
results largely agree with biochemical findings [85-87]. In addition to the 
enzymatic alterations, the biochemical studies provided evidence for an in- 
creased level of glucose-6-phosphate [86, 87]. The primary biochemical lesion 
leading to these metabolic alterations remains obscure, but there are many 
similarities with sequential metabolic aberrations in experimental and human 
hepatocarcinogenesis, which appear to result from early alterations in in- 
tracellular signal transduction as discussed in some detail elsewhere [88-90]. 
This holds particularly true for renal clear cell lesions excessively storing 
glycogen and/or lipids and the metabolic aberrations mimicking insulin effects 
in glycogenotic preneoplastic or early neoplastic hepatocellular lesions. In- 
creased activities of the insulin- and insulin-like growth factor-I receptor tyro- 
sine kinase [91] and an overexpression of the mitogen-activated protein kinase, 
which are involved in the insulin-stimulated signal transduction pathway, have 
actually been reported to occur in human renal cell carcinomas [92]. 

Comparable metabolic changes might be related to the genesis of chromo- 
phobic and basophilic renal cell tumors, although the early events are poorly 
understood in this case. The tumors arise from chromophobic and basophilic 
cells in tubules frequently accumulating glycosaminoglycans [21]. Tumor pro- 
gression is usually associated with a gradual loss of these polysaccharides. 
Enzyme histochemical studies in basophilic rat renal cell tumors suggested that 
a marked shift of energy metabolism from oxidative to glycolytic production of 
ATP with a corresponding reduction in mitochondrial respiration is character- 
istic of this tumor type [66, 84, 93]. The preneoplastic basophilic cell tubules 
induced in the rat kidney with nitrosamines or streptozotocin share a number 
of metabolic aberrations (as detected by cytochemical methods) with the baso- 
philic renal cell tumors; however, some intriguing differences are also note- 
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worthy [14]. These tubular lesions and very small basophilic renal cell tumors 
already show a loss in the activities of the mitochondrial enzyme succinate 
dehydrogenase [66], the microsomal glucose-6-phosphatase [66], and the mem- 
brane bound enzyme y-glutamyltranspeptidase [66, 94, 95] and a reduced 
expression of the glucose transporter GLUT2 [96], while the activities of 
the glycolytic enzymes hexokinase and pyruvate kinase are elevated [96]. In 
addition, markedly increased binding of antibodies to glutathione S-trans- 
ferase A and elevated levels of four cytochrome P-450 species and the micro- 
somal epoxide hydrolase have been observed in the majority of basophilic 
tubules immunohistochemically [95, 97]. Whereas binding to two of the 
cytochromes and to glucose-6-phosphate dehydrogenase tended to be even 
greater in larger, more advanced lesions, a late decrease in binding to epoxide 
hydrolase and glutathione S-transferase A was evident. The activities of glu- 
cose-6-phosphate dehydrogenase and glyceralde-3-phosphate dehydrogenase 
were usually increased in both basophilic tubules and tumors [66]. Because 
the pentose phosphate shunt, among other functions, also provides pentoses 
for RNA and DNA synthesis, activation of this pathway is probably closely 
related to the increase in ribosomes and enhanced cellular proliferation in the 
basophilic preneoplastic and neoplastic lesions [1]. 

The oncocytic tubules and tumors differ in their histochemical pattern from 
both the chromophobic/basophilic and the clear/acidophilic renal cell lesions 
[66, 84]. Detailed enzyme and immunohistochemical studies on rat renal onco- 
cytic lesions revealed that the activities of several enzymes of glucose metabolism 
(e.g. glucose-6-phosphatase, glycogen synthase, glycogen phosphorylase, glycer- 
aldehyde-3-phosphate dehydrogenase) and the expression of the glucose trans- 
porter, GLUT2, were similar to those of the normal collecting duct, whereas the 
activities and/or content of mitochondrial enzymes (succinate dehydrogenase, 
cytochrome-c-oxidase) and glycolytic enzymes (hexokinase, pyruvate kinase) 
and the expression of the glucose transporter GLUT1 were markedly increased 
in oncocytomas compared to the collecting duct system [97-99]. Of particular 
interest is that, in contrast to other types of rat renal cell tumors, the activity of the 
rate-limiting enzyme of the pentose phosphate pathway, glucose-6-phosphate 
dehydrogenase, is normal or even decreased in oncocytomas, suggesting that a 
relatively low supply of precursors for the synthesis of nucleic acids and phospho- 
lipids might be responsible for the slow growth of this tumor type [1, 66]. A 
specific metabolic mitochondrial defect which might explain the abundance of 
mitochondria in oncocytes as a result of a compensatory hyperplasia, in line with 
suggestions by anumber of authors [100, 101], has hitherto not been identified. It 
is conceivable, however, that the metabolic changes associated with the accumu- 
lation of the mitochondria play a decisive role in the development of the most 
characteristic neoplastic phenotype of the renal oncocyte. 
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Expression of the tumor growth factor-a (TGFa), which is limited to the 
collecting ducts and to the proximal tubules under normal conditions, was 
found in the hereditary renal cell carcinoma of the Eker rat [102]. TGFo has 
also been shown to be expressed in regenerative proximal tubular epithelium 
and in renal cell carcinomas induced in rats by ferric nitrilotriacetate [103]. 


Molecular Genetic Changes 

In contrast to the extensive investigations on chromosomal aberrations 
and molecular genetic changes in human renal cell carcinomas [104], only a 
few studies on molecular genetic changes in renal carcinogenesis induced by 
chemicals in rodents have been conducted [15]. The genotoxic carcinogen 
dimethylnitrosamine has been shown to interact with DNA in the rat kidney 
and to produce two major DNA adducts, namely N’-methylguanine and Oʻ- 
methylguanine [105]. Whereas N’-methylguanine is rapidly removed from renal 
tissue by repair processes, O°-methylguanine persists over longer time periods 
and may represent a promutagenic lesion [106]. Some renal carcinogens are 
apparently not directly genotoxic but might lead to DNA damage by indirect 
mechanisms. Thus, it has been discussed that ferric nitriloacetate might exert 
its carcinogenic effect through DNA damage [107, 108] induced by oxygen 
radicals [109], as suggested by increased levels of 8-hydroxydeoxyguanosine 
(8-OH-dG) that is regarded as a marker of oxidative DNA damage. Free 
radical-induced lipid peroxidation, as indicated by the formation of 4-hydroxy- 
2-nonenal, has also been demonstrated in the rat kidney exposed to ferric 
nitriloacetate [110]. In addition, potasstum bromate, which produces a high 
incidence of renal cell tumors in rats without being directly genotoxic, has 
been shown to increase lipid peroxidation [111] and the level of 8-OH-dG 
[112] in the kidney. 

Mutations in the VHL gene were frequently found in human renal cell 
carcinomas, particularly in clear cell carcinomas [113]. Several groups failed 
to detect similar mutations in chemically induced or spontaneous rat renal 
cell tumors or tumor cell lines [114-116] of various phenotypes. However, 
clear cell tumors and mixed clear/acidophilic cell tumors induced in rats by 
N-nitrosodimethylamine were only recently screened for such mutations [59]. 
Three of the eight renal cell tumors studied showed four (three G:C to A:T 
and one A:T to G:C) mutations of the VHL gene, suggesting that the rat renal 
clear and clear/acidophilic cell tumor may be an appropriate model of changes 
in both the genotype and the phenotype of the predominant type of human 
renal cell carcinoma. 

Matsumoto et al. [117] reported the absence of point mutations at several 
codons of ras family genes in rat renal cell tumors induced by N-ethyl-N- 
hydroxyethylnitrosamine and N-nitrosomorpholine. 
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In the past few years hereditary renal cell carcinoma of the rat [6] has 
been extensively investigated as a model of a Mendelian dominantly inherited 
cancer [9, 10]. Chromophilic (basophilic and eosinophilic) [118], chromophobic 
[119], and ‘oncocyte-like’ cells [120] that most probably correspond to the 
chromophilic variant, but no clear/acidophilic (granular) cell phenotypes were 
described in this hereditary renal cell carcinoma. Exposure of adult Eker rats 
to N-nitrosodimethylamine [121] and ionizing radiation [119] considerably 
increased the incidence of renal cell adenomas and carcinomas. The Eker rat 
has also been shown to be highly susceptible to the induction of renal cell 
tumors by transplacental administration of ethylnitrosourea [119]. The predis- 
posing gene of the Eker rat was mapped to chromosome 10 [119, 122, 123] 
and identified as a germline mutation in the rat homologue of the human 
tuberous sclerosis gene (Tsc2) [122, 124]. 

Loss of heterozygosity (LOH) of the wild-type Tsc2 allele was demonstrated 
in approximately 60% of spontaneous renal cell tumors in the Eker rat [125]. 
Along with the observation that the induction of large adenomas and carcino- 
mas in the Eker rat by ionizing radiation follows a linear dose-response [119], 
LOH at chromosome 10 indicated that in heterozygotes two events (one inher- 
ited, one somatic) are necessary for tumor production [125]. Using laser micro- 
dissection, Kubo et al. [126] have shown that LOH of the wild-type Tsc2 gene 
occurs even in 21% of preneoplastic, phenotypically altered tubules, supporting 
the hypothesis that a second somatic mutation is a rate-limiting step for renal 
carcinogenesis in the Eker rat, as well as suggesting a tumor-suppressor function 
of the Tsc2 gene. Additional support for this hypothesis has been provided by 
the finding that wild-type Tsc2 gene transfer into cell lines derived from Eker 
renal cell tumors suppresses the neoplastic phenotype [127, 128]. In a transgenic 
Eker rat with a wild-type Tsc2 gene, Kobayashi et al. [129] verified that germline 
suppression of the Eker phenotype is possible for both embryonic lethality of 
the homozygote and tumor predisposition in the heterozygote. 

Approximately 40% of spontaneous and ethylnitrosourea-induced renal 
cell tumors in the Eker rat retain the wild-type Tsc2 allele [119, 125]. The 
presence of intragenic Tsc2 somatic mutations in LOH-negative renal cell 
tumors, which were qualitatively different in spontaneous and chemically in- 
duced tumors, has been demonstrated in 33% of the 30 tumors studied [130]. 
These subtle mutations or epigenetic mechanisms may result in an inactivation 
of the Tsc2 gene in the absence of LOH. Recently, a high frequency of somatic 
mutations in the Tsc2 gene, which was biallelic in some cases, was found in renal 
cell tumors induced in non-Eker rats by N-ethyl-N-hydroxyethylnitrosamine or 
N-nitrosodimethylamine [131, 132]. 

The functions of the Tsc2 product called ‘tuberin’ are not fully understood, 
but it has been reported that it has weak GTPase-activating protein activity 
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for Rap la [133] and Rab 5 [134], possesses potential transcriptional activation 
domains (AD1 and AD2) [135], and might contribute to the regulation of the 
cell cycle and cell survival [136]. 


Conclusions 


Animal models of renal cell adenomas and carcinomas in rodents, particu- 
larly in rats, have been shown to be very valuable for the elucidation of the 
pathogenesis of the most prevalent types of human kidney tumors. Chemically 
induced rat renal cell tumors proved to be an excellent tool for separating 
different tumor types by cytomorphological and simple cytochemical criteria. 
The classification of rat renal cell tumors based on these findings has been 
adopted in a modified form for human pathology. The cellular origin and the 
sequence of cellular changes during the development of the different types of 
rat renal cell tumors has been largely clarified. In addition to the proximal 
nephron, the collecting duct system was first identified as a frequent site of 
origin of renal cell tumors in the experimental models. It has rapidly been 
shown that this also holds true for human epithelial kidney tumors, although 
some discrepancies between the experimental findings and the observations 
in human pathology are evident in this respect. 

The sequential changes in the cellular phenotypes during rat renal carcino- 
genesis indicated a fundamental shift in energy metabolism during neoplastic 
cell conversion in all types of tumor, suggesting early disturbances in signal 
transduction pathways, which may result in characteristic metabolic responses 
in each of the specifically differentiated cell types along the renal tubular 
system. This knowledge remains to be fully exploited for our understanding 
of the pathogenesis of human renal cell tumors. 

Mutations of the VHL gene comparable to those known from human 
clear/granular cell carcinomas have recently been demonstrated to occur in 
clear/granular cell carcinomas chemically induced in rats, suggesting that this 
animal model may be appropriate for analyzing changes in both the genotype 
and the phenotype of this predominant type of human renal cell carcinoma. 
Particularly promising progress has been made in the past 2 years in estab- 
lishing the hereditary renal cell carcinoma of the Eker rat as a model of a 
Mendelian dominantly inherited kidney cancer, which will also help to under- 
stand the interaction of genetic and environmental factors in the evolution or 
renal cell tumors. 
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